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Under conditions of nutrient deprivation, the bacterium Bacillus subtilis undergoes a 
relatively simple, alternative developmental pathway called sporulation that results in the 
production of a largely metabolically dormant cell type called a spore. The spore is encased in 
two concentric shells, the coat and the cortex, which are important for maintaining the spore’s 
dormancy and protecting it from various environmental insults. Despite being spatially separated 
by a membrane layer, the assembly of these two structures, which form the spore envelope, is 
linked and orchestrated by two coat proteins, SpoVM and SpoIVA.  SpoVM and SpoIVA are the 
only coat proteins known to be involved in cortex assembly indicating that they play a unique 
role in coordinating the assembly of the coat and cortex. While the roles of SpoVM and SpoIVA 
in coat assembly are well-understood, their roles in cortex assembly and the mechanisms that 
regulate the coordinated assembly of coat and cortex remain a mystery.  
Using classical genetics to select for spontaneous suppressors of cortex-deficient 
mutants, we discovered a sporulation checkpoint where a previously un-annotated gene 
encodes a small 37-amino-acid protein, CmpA. We found that CmpA is degraded in wild type 
cells, but persists in a cortex-deficient mutant and propose a model in which the degradation of 
CmpA signals proper initiation of coat assembly.  However, when a cell is unable to properly 
initiate coat assembly, CmpA persists and functions as an adaptor to deliver the morphogenetic 
protein SpoIVA to the AAA+ protease ClpXP for degradation. Mutations affecting complex 
formation between CmpA, SpoIVA and ClpX prevented degradation of SpoIVA indicating that 
they were sufficient to bypass the checkpoint and sporulation was able to proceed.   The 
degradation of SpoIVA initiates an apoptotic-like event which leads to cell lysis. We believe this 
to be a mechanism to selectively remove unfit cells that are unable to properly assemble the 
spore envelope. Left unchecked, mutations in sporulating genes accumulate readily and 
ultimately lead to loss of the sporulation program. Thus, the CmpA-dependent regulated cell 
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Understanding the mechanisms that drive cell differentiation and morphogenesis is 
essential in answering the question of how organisms develop.  However, elucidating these 
mechanisms can be difficult due to the complex and intertwined processes that occur during 
development (Hartwell & Weinert, 1989; Sasai, 2013).  One approach to this problem has been to 
study the relatively simple developmental program of endospore formation (“sporulation”) in the 
bacterium Bacillus subtilis. During sporulation a single rod-shaped cell divides asymmetrically, 
resulting in two genetically identical daughter cells that undergo different cell fates (Errington, 
2003; Piggot & Hilbert, 2004; Stragier & Losick, 1996). Sporulation in B. subtilis is a particularly 
attractive system to look at cell differentiation and morphogenesis not only because of the relative 
simplicity of the sporulation developmental program, but also because of the genetic tractability of 
the system.  B. subtilis is naturally competent and genes necessary for sporulation are often non-
essential for normal growth, both of which facilitate the identification of novel factors that 
participate in this developmental process.  As a result, sporulation studies have provided 
significant insights into basic biological processes such as differential gene expression, 
membrane remodeling, intercellular communication, subcellular protein localization, and 
morphogenesis.  
B. subtilis is ubiquitous in nature and can successfully adapt to various changes in the 
environment. Under stressful conditions B. subtilis is able to initiate many survival mechanisms 
such as motility, uptake of exogenous DNA, biofilm formation and sporulation (B. Burton & 
Dubnau, 2010; Rao, Glekas, & Ordal, 2008; Vlamakis, Chai, Beauregard, Losick, & Kolter, 
2013). The purpose of sporulation is to produce a largely metabolically inactive dormant cell 
type called an “endospore” (hereafter, referred to simply as a “spore”) that is able to survive 
harsh environmental conditions until favorable growth conditions are restored (Paredes-Sabja, 
Setlow, & Sarker, 2011).  Bacterial spores are one of nature’s most resilient cell types and are 
able to survive under controlled laboratory conditions for several decades, and perhaps even 
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longer in the environment (Cano & Borucki, 1995; Jacotot & Virat, 1954; P. Setlow, 2007; 
Vreeland, Rosenzweig, & Powers, 2000). When the spore senses environmental conditions are 
conducive to growth, it is able to germinate and resume its vegetative cell cycle.   
Sporulation initiates when the rod-shaped B. subtilis divides asymmetrically, elaborating 
a “polar septum” that results in two genetically identical but morphologically distinct 
compartments: a larger “mother cell” and a smaller “forespore”, each of which will ultimately 
experience different cell fates (Fig. 1.1).  Both compartments briefly remain side-by-side, held 
together by the external cell wall.  The initially flat polar septum then begins to curve as the 
mother cell swallows the forespore (a process called “engulfment”), producing a forespore that 
resides as a double membrane-bound, roughly spherical, organelle inside the mother cell 
cytosol.  The forespore eventually matures into a partially dehydrated, dormant cell that is 
released into the environment when the mother cell undergoes programmed cell lysis.   
Here, we will provide a brief overview of the molecular mechanisms underlying the 
sporulation process from the decision of a cell to enter the sporulation program to how the cell 
undergoes the significant morphological changes in order to become a distinct cell type that is 
resistant to various environmental insults, with an attempt to highlight primary literature that has 
been published recently.  As a roadmap, we will present the sporulation program in separate 
sections in which so-called “stages” of sporulation are numbered “0” to “V”, reflecting a classical 
nomenclature that was based on various morphological landmarks as viewed by electron 
microscopy (Piggot & Coote, 1976; Schaeffer, Ionesco, Ryter, & Balassa, 1963).  It is important 
to note, though, that as techniques have advanced, it has become clear that sporulation is not 
composed of distinct stages that occur sequentially.  Instead, these stages actually lie along a 




Figure 1.1. Schematic representation of morphological changes that occur during 
sporulation in Bacillus subtilis.  Distinct stages of sporulation are denoted with a Roman 
numeral, according to the numbering scheme proposed by Ryter (Ryter, 1965).  Peptidoglycan 
is depicted in gray, membranes are depicted in yellow, DNA is depicted in black, the position of 
the origin of replication of the chromosomes is shown as a red dot at stage 0 and I, and the 
spore coat is depicted in green.  At stage 0, chromosomes are replicated, but no obvious 
morphological landmarks of sporulation are yet present.  Stage I is defined by chromosome 
condensation and the anchoring of the origins of replication to the extreme poles of the cell.  In 
stage II, the polar septum is elaborated, followed by engulfment of the forespore in stage III.  
Stage IV and V represent cortex and coat assembly, respectively.  Stage VI refers to “spore 
maturation”; a particularly obvious morphological feature elaborated at this stage is the tightly 
condensed, toroidal structure of the forespore chromosome.  In stage VII, the mother cell lyses, 






Stage 0: The decision to sporulate 
As with many other developmental programs, the entry into sporulation is closely 
regulated and relies on a series of feedback and feed-forward loops. In the bacterial population 
sporulation does not occur homogenously, but rather occurs in subpopulations. Presumably, 
this is a bet-hedging strategy that allows the cell to absolutely confirm the need to sporulate 
prior to engaging in this highly energy-consuming and, once committed, irreversible 
developmental program (Veening et al., 2008).  
The first bet-hedging strategy to delay entry into sporulation is the “cannibalistic” 
behavior displayed by a subpopulation of cells that are the first to detect the onset of starvation 
conditions. During cannibalism, this subpopulation of cells kills neighboring isogenic siblings that 
have not yet detected the onset of such conditions (Gonzalez-Pastor, Hobbs, & Losick, 2003).  
Cannibalism is reliant on two secreted killing factors, Skf and Sdp (W. T. Liu et al., 2010; Perez 
Morales, Ho, Liu, Dorrestein, & Ellermeier, 2013), which are produced by cells in a biofilm that 
produce the biofilm matrix (Lopez, Vlamakis, Losick, & Kolter, 2009). The death of surrounding 
cells releases nutrients into the environment to support the growth of the subpopulation that 
produced the toxins. The toxin producing subpopulation is protected through the concurrent 
production of a protective factor (Ellermeier, Hobbs, Gonzalez-Pastor, & Losick, 2006).  In this 
way, cannibalism is thought to be a mechanism to delay sporulation and to eliminate cells that 
are no longer beneficial to the population as it moves toward biofilm formation (Mitri, Xavier, & 
Foster, 2011).  Consistent with this model, deletion of genes required for cannibalism result in a 
faster and more homogeneous entry of cells into the sporulation program (Gonzalez-Pastor et 
al., 2003). 
The transition of B. subtilis from vegetative growth to sporulation is largely governed by 
the transcriptional master regulator Spo0A, which also regulates biofilm formation (Hamon & 
Lazazzera, 2001).  Spo0A transcriptional activity is activated by a ‘phosphorelay’ system that is 
governed by five autophosphorylating histidine kinases (KinA-KinE) that respond to different 
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environmental stresses. While “limited nutrient availability” is broadly defined as the signal for 
entry into sporulation, the identification of specific molecular ligands that activate the histidine 
kinases has remained elusive. This difficulty is largely due to the wide array of environmental 
inputs sensed by the bacterium and the somewhat redundant functions of the sensor kinases 
(LeDeaux, Yu, & Grossman, 1995).  A recent strategy to approach the identification of molecular 
ligands through co-crystallization successfully identified pyruvate as a potential ligand of KinD 
(R. Wu et al., 2013). Pyruvate is involved in numerous metabolic pathways and it seems 
reasonable that its levels in the extracellular environment may serve as an indicator of growth 
conditions. However, it is still unclear whether pyruvate is the physiological ligand of KinD and 
what effects this interaction may have on sporulation. 
Upon activation and autophosphorylation, the phosphoryl group from the histidine 
kinases is transferred to Spo0A via the phosphotransferases Spo0F and Spo0B which results in 
an active phosphorylated Spo0A (referred to as “Spo0A~P”) (Burbulys, Trach, & Hoch, 1991). 
Spo0A~P then goes on to directly regulate the expression of approximately 121 genes (Molle et 
al., 2003) including activation of genes necessary for sporulation. Counter-balancing the 
production of Spo0A~P are several phosphatases including members of the Rap family of 
phosphatases (Rap A, B, E and H) and the Spo0E phosphatase (Perego et al., 1994).  
Regulation of the activity of the kinases and phosphatases determines the levels of Spo0A~P 
and ultimately whether or not sporulation is initiated. The activity of the Rap phosphatases is 
regulated by small peptides encoded by phr genes, which are often found in operons with the 
rap genes (Mueller & Sonenshein, 1992). X-ray analyses have indicated that Phr peptides bind 
and regulate Rap activity by inducing a conformational change (M. D. Baker & Neiditch, 2011; 
Gallego del Sol & Marina, 2013; Parashar, Jeffrey, & Neiditch, 2013). 
The levels of Spo0A~P are responsible for determining the bacterium’s developmental choices. 
Lower levels of Spo0A~P result in biofilm formation through promotion of matrix production 
while higher levels of Spo0A~P promote sporulation (Fig. 1.2). The mechanism through which 
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Spo0A~P is able to regulate these two distinct cell fates is dependent on its regulation of the 
levels of the matrix gene repressor SinR and its antirepressor SinI (Chai, Kolter, & Losick, 
2011). The sinI regulatory region has numerous Spo0A~P operator sites that differ in affinity, 
which allows its expression to be regulated directly by the levels of Spo0A~P. At lower levels of  
Spo0A~P the high affinity Spo0A~P operator is bound (Fujita & Losick, 2005) and promotes 
expression of sinI, leading to matrix production and biofilm formation (Fujita, Gonzalez-Pastor, & 
Losick, 2005). At higher levels of Spo0A~P the lower affinity operators are then able to bind 
Spo0A~P, which hinders the expression of sinI and promotes expression of sporulation genes 
that also have low affinity Spo0A~P operators (Chai et al., 2011; Kearns, Chu, Branda, Kolter, & 
Losick, 2005). While high levels of Spo0A~P are important for regulating entry into sporulation, 
the dynamics through which it achieves high levels of Spo0A~P is also important. The gradual 
accumulation of Spo0A~P appears to exert a temporal control over the Spo0A regulon, which is 
necessary for robust sporulation (Vishnoi et al., 2013).  
Previous studies proposed a model in which there is a threshold level of Spo0A~P, in 
addition to the phosphorelay components, that must be crossed in order for sporulation initiation 
to occur (Eswaramoorthy, Dinh, Duan, Igoshin, & Fujita, 2010; Eswaramoorthy, Duan, et al., 
2010; Fujita & Losick, 2005). However, recent studies have found significant overlap in 
Spo0A~P levels in sporulating and non-sporulating cells (Levine, Fontes, Dworkin, & Elowitz, 
2012) indicating there may also be other downstream events that are responsible for the 
decision to enter sporulation.  Consistent with this idea is the observation that entry into 
sporulation may still be reversible after activation of several Spo0A-regulated spo genes and 
only becomes irreversible upon activation of σF in the forespore and σE in the mother cell 
(Dworkin & Losick, 2005). The decision to commit to sporulation instead seems to rely on the 
ultrasensitive activation of σE  (Narula, Devi, Fujita, & Igoshin, 2012), which occurs after 
asymmetric septation and σF activation in the forespore.  
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Figure 1.2. Genetic circuitry that governs the entry into sporulation.  Arrows indicate 
activation; repression is denoted by a bar.  Developmental events are depicted in the color 
corresponding to Spo0A levels or phosphorylation states that govern that event.  Thus, 
unphosphorylated Spo0A corresponds to active DNA replication; low levels of phosphorylated 
Spo0A (SpoA~P) leads to biofilm formation and cannibalistic behavior; and high levels of 
phosphorylated Spo0A drives the entry into sporulation. Proteins other than Spo0A that 





Stage I: Axial filamentation and ensuring correct chromosome copy number 
At the onset of sporulation, the cell harbors two chromosomes: one for the mother cell 
and one for the forespore. The duplicated chromosomes form a condensed serpentine-like 
structure called the axial filament (Ryter, Schaeffer, & Ionesco, 1966) that stretches from one 
pole of the cell to the other. The RacA protein is necessary for anchoring the two chromosomes 
to the cell poles to promote proper chromosome segregation (Ben-Yehuda, Rudner, & Losick, 
2003). RacA binds to GC-rich inverted repeats located around the origin of replication (Ben-
Yehuda et al., 2005) and localizes to the cell poles through its interaction with DivIVA, which in 
turn localizes to the two poles of the cell through the recognition of highly negatively curved 
membranes (Lenarcic et al., 2009; Ramamurthi & Losick, 2009). In this way, RacA ensures that 
each daughter cell receives one origin of replication (and, by extension, one chromosome).  As 
such, RacA chromosomal binding sites are functionally analogous to eukaryotic centromeres, 
and RacA itself, while not physically driving chromosome movement, provides a function 
analogous to that of the eukaryotic mitotic spindle in maintaining chromosome integrity during 
eukaryotic cell division. 
In addition to proper chromosome segregation, proper chromosome number is also 
necessary for robust sporulation and has been found to be tightly regulated via at least three 
proteins: SirA (sporulation inhibitor of replication A), Sda (suppressor of dnaA1) and Spo0A~P. 
Transcription of sirA is under the control of Spo0A~P and occurs upon entry into sporulation. 
SirA interacts directly with DnaA to inhibit its binding to the origin of replication, which prevents 
the initiation of additional rounds of DNA replication during sporulation (Rahn-Lee, Merrikh, 
Grossman, & Losick, 2011). Sda, on the other hand, inhibits entry into sporulation by binding to 
the major sporulation histidine kinase KinA during active DNA replication and in response to 
DNA damage and replication defects (Cunningham & Burkholder, 2009). As a result, entry into 
sporulation is restricted to the period between rounds of DNA replication (Burkholder, Kurtser, & 
Grossman, 2001; Veening, Murray, & Errington, 2009). While Spo0A~P plays an indirect role in 
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regulating chromosome number through its transcriptional regulation of sirA, it has also been 
found to play a more direct role through its ability to bind to sites around the origin of replication. 
Removal of Spo0A~P binding sites near the origin of replication resulted in an increase in 
chromosome copy number indicating that Spo0A~P binding to these sites acts as an additional 
mechanism to inhibit active DNA replication during sporulation (Boonstra et al., 2013). 
 
Stage II: Asymmetric septation  
The sporulation program is driven by a cascade of compartment-specific sigma factors 
that is initiated by asymmetric division of the cell. Understanding the activation of compartment-
specific sigma factors during sporulation has revealed conserved mechanisms underlying 
intercellular signaling and the coupling of transcription with morphological changes in the cell. 
The transition from a medial septum to an asymmetric septum, which divides the cell into a 
mother cell and forespore, is a morphological hallmark of sporulation. This switch to a polar 
septum is dependent on two factors: an increase in levels of the cell division protein FtsZ and 
the production of the SpoIIE protein, which performs a poorly understood function in deploying 
FtsZ to polar sites (Carniol, Ben-Yehuda, King, & Losick, 2005). After asymmetric division, the 
first sporulation-specific sigma factor, forespore-specific σF, is activated. Prior to asymmetric 
division, σF is produced under the regulation of Spo0A~P, but held in an inactive state by the 
anti-sigma factor SpoIIAB. After completion of asymmetric division, SpoIIE (which localizes to 
the polar septum) performs a second function, wherein it dephosphorylates SpoIIAA, which 
binds and sequesters SpoIIAB, thereby relieving the inhibition of σF (Duncan, Alper, Arigoni, 
Losick, & Stragier, 1995).  Curiously, although SpoIIE is initially produced in both the mother cell 
and the forespore, activation of σF only occurs in the forespore.  Although the biochemical 
mechanism of σF activation is well understood, the cell biological mechanism that explains the 
forespore-specific activation of σF is not well known.  Part of the answer may be dependent on a 
preferential localization of SpoIIE on the forespore side of the polar septum (Guberman, Fay, 
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Dworkin, Wingreen, & Gitai, 2008) and also the temporary genetic asymmetry between the 
forespore and mother cell that leads to a decrease in the levels of the SpoIIAB anti-sigma factor 
in the forespore (Dworkin & Losick, 2001). 
The temporary genetic asymmetry arises because, at the time of asymmetric septation, 
the polar septum bisects the axial filament and results in only about a third of the chromosome 
being harbored in the forespore (L. J. Wu & Errington, 1998). The DNA translocase SpoIIIE then 
pumps the remaining 70% of the chromosome residing in the mother cell into the forespore 
(Becker & Pogliano, 2007; B. M. Burton, Marquis, Sullivan, Rapoport, & Rudner, 2007; Fiche et 
al., 2013; Ptacin et al., 2008; Sharp & Pogliano, 2002; L. J. Wu & Errington, 1994). Prior to 
translocation of the remaining 70%, the forespore can only express the genes residing on the 
30% of the chromosome it harbors initially. This genetic asymmetry has been proposed to play 
a part in orchestrating the compartment specific activities that occur throughout sporulation 
(Frandsen, Barak, Karmazyn-Campelli, & Stragier, 1999). Another example of this is the mother 
cell compartment specific re-activation of de novo fatty acid synthesis. Many genes necessary 
for de novo lipid synthesis are located in the portion of the chromosome initially excluded from 
the forespore, resulting in the forespore’s inability to re-activate lipid synthesis (Pedrido et al., 
2013).  Re-activation of de novo lipid synthesis is dependent on Spo0A~P and is required for 
the mother cell-specific activation of σE, the second sporulation-specific sigma factor (Pedrido et 
al., 2013). 
Similar to σF, σE is produced prior to asymmetric division under the control of Spo0A~P 
and is found in both compartments after septation (Fujita & Losick, 2002). However, σE is 
produced initially as an inactive pro-σE precursor and is specifically activated only in the mother 
cell. While it was previously established that spoIIGA is required for processing of pro-σE to its 
mature form (Jonas, Weaver, Kenney, Moran, & Haldenwang, 1988; Stragier, Bonamy, & 
Karmazyn-Campelli, 1988), it was only more recently that its product SpoIIGA was identified as 
a novel type of aspartic protease (Imamura, Zhou, Feig, & Kroos, 2008). Modeling and 
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mutational evidence suggest that SpoIIGA forms dimers similar to the HIV-1 protease and 
support a model in which SpoIIGA exists in an inactive state that is then activated through a 
conformational change induced by association with SpoIIR (Hofmeister, Londono-Vallejo, Harry, 
Stragier, & Losick, 1995; Imamura et al., 2008).  SpoIIR is produced in the forespore under σF 
control and is then secreted into the intermembrane space of the septum that separates the 
mother cell and forespore, where it activates SpoIIGA. SpoIIR’s ability to activate SpoIIGA is 
dependent on the acylation of its threonine residue (T27) and requires de novo fatty acid 
synthesis (Diez, Schujman, Gueiros-Filho, & de Mendoza, 2012). It is hypothesized that 
because de novo fatty acid synthesis only occurs in the mother cell, only SpoIIR molecules 
localized to the mother cell side of the septum would be able to be acylated and thus, only 
SpoIIGA molecules at the mother cell membrane are activated leading to the mother cell 
specific activation of σE (Pedrido et al., 2013). The activation of σE then allows transcription of 
the σE regulon, which includes genes necessary for engulfment. 
 
Stage III: Engulfment 
After asymmetric division, the polar septum curves around the forespore as the mother 
cell “swallows” the forespore in a process called engulfment. The result is a double-membrane 
bound forespore in the mother cell cytosol. Although the dramatic membrane remodeling that 
occurs during engulfment superficially resembles that of phagocytosis in eukaryotes, the two 
processes utilize distinct proteins and cytoskeletal elements to achieve this goal. During 
engulfment, a peptidoglycan degradation machinery composed of SpoIID, SpoIIM and SpoIIP is 
initially needed for septal wall thinning and subsequently for movement of the engulfing 
membranes (Abanes-De Mello, Sun, Aung, & Pogliano, 2002).  Interestingly, cryo-electron 
micrographs have revealed that a thin layer of peptidoglycan remains during the engulfment 
process indicating the peptidoglycan is not completely removed by the degradation machinery 
(Tocheva et al., 2013). The residual peptidoglycan may be necessary to serve as a template for 
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subsequent peptidoglycan remodeling events during engulfment and cortex assembly.  Recent 
evidence has indicated that in addition to peptidoglycan degradation, membrane movement 
during engulfment also relies on active peptidoglycan synthesis (Meyer, Gutierrez, Pogliano, & 
Dworkin, 2010). This raises the possibility that stiff, newly synthesized, polymers of 
peptidoglycan may be providing a cytoskeletal role, analogous to that of eukaryotic actin during 
phagocytosis, to provide the force required for directed membrane movement (Meyer et al., 
2010).  However, when peptidoglycan is altogether removed by lysozyme treatment, cells are 
still able to undergo engulfment, albeit at reduced levels.  This redundant engulfment 
mechanism is dependent on a forespore protein, called SpoIIQ, and a mother cell protein, called 
SpoIIIAH, which reach across the intermembrane space that divides the mother cell and 
forespore and directly interact, resulting in a “zippering” of both compartments (Blaylock, Jiang, 
Rubio, Moran, & Pogliano, 2004; Doan, Marquis, & Rudner, 2005).   In what has been described 
as a “ratchet-like” mechanism, the engulfing membrane is able to move forward through random 
thermal motion of the membrane, but reverse movement is restricted, as the engulfing 
membrane is stapled to the inner forespore by the tight interaction of SpoIIIAH and SpoIIQ 
(Broder & Pogliano, 2006).  
At the end of engulfment the engulfing membranes must undergo membrane fission to 
pinch off and release the forespore. The identification of specific factors responsible for 
membrane fission and fusion in prokaryotes has been historically difficult due to the complexity 
of the often essential processes that occur concurrently. Unlike most other membrane 
remodeling events, the membrane fission event that occurs at the end of engulfment is not 
essential for viability.  A recent screen for mutants that were unable to undergo membrane 
fission at the end of engulfment led to the identification of a mother cell protein called FisB that 
was enriched at the site of membrane fission during engulfment and was necessary for robust 
membrane fission.  FisB does not resemble or behave like well-studied eukaryotic membrane 
remodeling proteins like dynamin or the SNARE proteins.  Rather, FisB appears to utilize a 
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novel mechanism to promote membrane remodeling through a preferential association with the 
phospholipid cardiolipin, which is thought to be enriched along negatively curved leaflets of 
membranes.   The current model is that FisB interacts in trans with cardiolipin-enriched 
membranes at the leading edge of the engulfing membrane to cause a destabilization of both 
membranes, which in turn could lead to membrane scission (Doan et al., 2013).  
At the end of engulfment, the forespore is a free floating cell in the mother cell cytosol. At 
this time the SpoIIIAA-SpoIIIAH proteins produced under the control of σE and the SpoIIQ 
protein under the control of σF are required for the activation of the forespore-specific σG (as 
noted above, SpoIIIAH and SpoIIQ interact directly with one another to “zipper” the mother cell 
and forespore together during engulfment).  The gene encoding the forespore-specific σG is 
under the transcriptional control of σF, which ensures that it is only expressed in the forespore. 
Interestingly, despite being under σF transcriptional control, which occurs after asymmetric 
septation, activation of σG occurs only after engulfment has finished. How does σG activation 
occur to coincide with the completion of engulfment?  After engulfment, when the forespore is 
sealed off from the mother cell, the metabolic capacity of the forespore is diminished (Camp & 
Losick, 2009; Doan et al., 2009).  The SpoIIAA-SpoIIIAH and SpoIIQ proteins form a channel 
between the mother cell and forespore (Meisner, Wang, Serrano, Henriques, & Moran, 2008) 
through which the mother cell is able to nurture the forespore through the transfer of what are 
likely small molecules that enable the forespore to continue expressing genes necessary for 
sporulation (Camp & Losick, 2009). The structure of the basal components of this “feeding tube” 
channel has been found to be similar to that of type III protein secretion systems (Levdikov et 
al., 2012; Meisner, Maehigashi, Andre, Dunham, & Moran, 2012). Thus, the activation of σG is 
thought to occur simply because it is the only sigma factor produced at that specific time and 
location and is dependent on the arrival of metabolites delivered from the mother cell.  While the 
feeding tube is necessary for activation of σG, it is still not completely understood how activation 
of σG is precisely linked to the end of engulfment.  Indeed, recent observations have indicated 
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that completion of engulfment is actually linked to the completion of chromosome translocation 
into the forespore, suggesting that chromosome translocation also contributes to the timing of 
σG activation (Regan, Itaya, & Piggot, 2012).  
Similar to σE, the subsequent mother-cell specific transcription factor σK is produced as 
an inactive pro-σK protein. Pro-σK is cleaved by SpoIVFB (Lu, Cutting, & Kroos, 1995), which is 
an intermembrane protease that is initially held inactive in a complex along with SpoIVFA and 
BofA (Resnekov & Losick, 1998). Activation of SpoIVFB occurs through the action of the σG-
regulated SpoIVB processing enzyme. SpoIVB can relieve the inhibition imposed by SpoIVFA 
and BofA both by cleaving SpoIVFA at multiple sites and by activating the alternate protease 
CtpB, which can also cleave SpoIVFA (Campo & Rudner, 2006). 
 
Stage IV-V: Cortex and Coat assembly 
The mature spore is encased in two distinct concentric shells: an outer shell, called the 
“coat”, which is composed of roughly seventy different proteins, and an inner shell called the 
“cortex” made of specialized peptidoglycan (Henriques & Moran, 2007; McKenney, Driks, & 
Eichenberger, 2013). Together, these two shells serve to protect the spore from environmental 
insults (P. Setlow, 2006). Among the first, if not the first, coat proteins to localize to the outer 
forespore surface is a small 26-amino-acid protein (a so-called “sprotein” (Hobbs, Fontaine, Yin, 
& Storz, 2011)), that is exclusively produced in the mother cell, named SpoVM (Levin et al., 
1993; van Ooij & Losick, 2003).  SpoVM distinguishes the forespore membrane from the mother 
cell membrane through the recognition of the forespore’s positive membrane curvature 
(Ramamurthi, Lecuyer, Stone, & Losick, 2009).   SpoVM tethers a soluble morphogenetic 
protein called SpoIVA (Ramamurthi, Clapham, & Losick, 2006), which is the structural 
component of the basement layer of the coat, onto the forespore surface (Price & Losick, 1999; 
Roels, Driks, & Losick, 1992). While dynamic cytoskeletal nucleotide binding proteins like actin 
and tubulin hydrolyze nucleotides in order to disassemble, SpoIVA, a static cytoskeletal 
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element, instead hydrolyzes ATP to drive its self-assembly to form the basement layer of the 
coat, which acts as a scaffold atop which all other coat proteins are deposited (Castaing, Nagy, 
Anantharaman, Aravind, & Ramamurthi, 2013; Ramamurthi & Losick, 2008). Curiously, the 
ATPase domain of SpoIVA resembles that of the TRAFAC class of P-loop GTPases.  However, 
SpoIVA, like the myosin/kinesin family of exceptional ATPases in the TRAFAC GTPase class 
(Leipe, Wolf, Koonin, & Aravind, 2002), has evolutionarily lost the ability to bind GTP and binds 
ATP instead.  
The coat has been described as having four distinct layers: the basement layer, inner 
coat, outer coat, and crust (McKenney et al., 2010). Each layer’s proper assembly is largely 
dependent on one (or two, in the case of the crust) major morphogenetic protein that defines 
each layer. For example, deletion of spoIVA results in the mis-assembly of the basement layer 
(and, by extension, all subsequent layers) (Roels et al., 1992); deletion of safA, cotE, or cotZ 
and cotY result in the improper assembly of the inner coat, outer coat, and crust respectively 
(Chada, Sanstad, Wang, & Driks, 2003; Costa, Isidro, Moran, & Henriques, 2006; Imamura, 
Kuwana, Takamatsu, & Watabe, 2011; McKenney et al., 2010; Zheng, Donovan, Fitz-James, & 
Losick, 1988). Another coat protein, SpoVID, has been shown to drive the “encasement” step of 
coat morphogenesis where coat proteins completely encapsulate the developing forespore 
(Driks, Roels, Beall, Moran, & Losick, 1994; McKenney et al., 2010; Wang et al., 2009).   
A recent study monitoring the dynamics of spore coat assembly found that proteins in 
the coat can be divided into six classes based on their localization dynamics. Spore coat 
proteins initially assemble as a scaffold in a focus on the mother cell side of the forespore. The 
encasement of the forespore by specific classes of coat proteins then occurs in coordinated 
waves that are largely driven by transcription (McKenney & Eichenberger, 2012). Coat 
assembly occurs predominantly in the mother cell where the coat is assembled on the surface 
of the outer forespore membrane. Interestingly, the discovery that the SpoIIIAH-SpoIIQ 
complex, which requires the forespore-specific synthesis of SpoIIQ, is necessary for successful 
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encasement suggests that the forespore may also participate in coordinating the assembly of 
the coat (McKenney & Eichenberger, 2012). 
Although the coat is spatially separated from the cortex by the outer forespore 
membrane, deletion of either spoVM or spoIVA not only abrogates the initiation of coat 
assembly, but also abolishes cortex assembly (Coote, 1972; Levin et al., 1993; Piggot & Coote, 
1976; Roels et al., 1992) indicating that coat and cortex assembly are somehow linked.  Many 
factors participating in assembly of each individual structure have been identified; however the 
mechanisms that coordinate temporal assembly of both structures have remained largely 
mysterious.  Recently, a sprotein (37-amino-acids long) named “CmpA”, which was encoded by 
a previously unannotated mother cell-specific sporulation gene, was found to participate with 
SpoVM in coordinating cortex assembly (Ebmeier, Tan, Clapham, & Ramamurthi, 2012).  
Specifically, a model emerged wherein cortex peptidoglycan assembly (but not vegetative 
peptidoglycan assembly) is repressed by a hitherto-unspecified inhibitory activity of CmpA.  
Cells that successfully initiate coat assembly by SpoVM and SpoIVA overcome the inhibition 
imposed by CmpA by removing the protein, likely by regulated proteolysis, and continue through 
the sporulation program to initiate cortex assembly (Ebmeier et al., 2012). Thus, coordination of 
the assembly of these two large structures appears to be mediated by at least two small 
proteins, highlighting the general importance of sproteins in biological processes (Hobbs et al., 
2011). 
The cortex is made of a specialized peptidoglycan that protects the spore from heat and 
desiccation.  The peptidoglycan in the spore resides between the two membrane layers 
surrounding the forespore and consists of two layers: an inner germ cell wall and an outer 
cortex.  The germ cell wall is a thin layer adjacent to the inner forespore membrane that has a 
structure similar to that of the vegetative cell wall (Tipper & Linnett, 1976).  The cortex, on the 
other hand, differs in structure from the vegetative cell wall mainly due to a decreased frequency 
of transpeptidation between glycan chains (Popham & Setlow, 1993b) and the presence of 
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muramic lactam (Warth & Strominger, 1972).  These structural changes in the cortex are 
brought about by the activities of the low molecular weight penicillin binding proteins, which 
often have D,D-carboxypeptidase activity (Popham, Gilmore, & Setlow, 1999), and the CwlD 
and PdaA proteins, which catalyze the production of muramic lactam from muramic acid 
(Gilmore, Bandyopadhyay, Dean, Linnstaedt, & Popham, 2004). During spore germination the 
functionally redundant cortex-lytic enzymes SleB and CwlJ  (Ishikawa, Yamane, & Sekiguchi, 
1998) specifically hydrolyze the cortex peptidoglycan through the recognition of muramic 
lactam.  Mutants with cortexes deficient in muramic lactam are unable to germinate, but can be 
induced to germinate through exogenous lysozyme treatment (Popham, Helin, Costello, & 
Setlow, 1996b). 
It is currently unclear what exactly the functional role of the cortex’s unique 
peptidoglycan structure is. One theory is that the low degree of crosslinking allows the spore to 
expand and contract in response to environmental changes (pH, ionic strength, or humidity, for 
example) without germinating (Ou & Marquis, 1970). Other theories suggest that the low degree 
of crosslinking may allow the spore to contract (Lewis, Snell, & Burr, 1960) or expand (Gould & 
Dring, 1975; Popham et al., 1999) during spore maturation to attain spore dehydration. 
Interestingly, the degree of crosslinking throughout the cortex is not homogenous, but rather 
increases progressively towards the outer cortex layers (Meador-Parton & Popham, 2000). 
Disruption of this crosslinking gradient does not appear to have significant effects on spore core 
dehydration suggesting a broad range of cortex crosslinking is permissible to attain spore core 
dehydration (Meador-Parton & Popham, 2000). 
Synthesis of cortex peptidoglycan occurs through similar mechanisms as vegetative cell 
wall synthesis.  Peptidoglycan precursors are produced and modified in the cytosol of the 
mother cell by the Mur proteins which are also responsible for modification of peptidoglycan 
precursors during vegetative cell wall synthesis.  During sporulation the production of the Mur 
proteins is upregulated by σK (Vasudevan, Weaver, Reichert, Linnstaedt, & Popham, 2007). 
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Once properly modified, the peptidoglycan precursors are then tethered to the outer forespore 
membrane through the formation of the lipid intermediates Lipid I and Lipid II, which are then 
flipped across the membrane via a Lipid II flippase into the intermembrane space between the 
outer and inner forespore membranes.  Although there are homologs of putative Lipid II 
flippases that are expressed specifically during sporulation, the identity of the Lipid II flippase 
during sporulation is currently unknown. The E.coli MviN/MurJ protein has been proposed to be 
a Lipid II flippase (Ruiz, 2008) and SpoVB was identified as its sporulation-specific homolog 
(Fay & Dworkin, 2009). However, the discovery that the E. coli FtsW protein which is a part of 
the SEDS (shape, elongation, division and sporulation) family has in vitro flippase activity 
(Mohammadi et al., 2011) suggests that its sporulation-specific homolog SpoVE (Ikeda et al., 
1989) may also be a Lipid II flippase. Thus, both SpoVB and SpoVE are plausible candidates for 
being sporulation-specific Lipid II flippases.  Consistent with this idea, mutations in either spoVB 
or spoVE abrogate cortex assembly and result in a buildup of peptidoglycan precursors in the 
mother cell (Vasudevan et al., 2007).  
After translocation into the intermembrane space the lipid-linked precursors are 
assembled into glycan chains via transglycosylation and peptide crosslinks between the glycan 
strands are formed via transpeptidation.  Tranglycosylation and transpeptidation are performed 
by the high molecular weight penicillin-binding proteins (PBPs) to produce the meshwork of 
peptidoglycan that constitutes the cortex.  The vegetative PBPs (PBP2B and PBP3) are 
upregulated during sporulation while PBP1, PBP2A, PBP4, and PBP5 are downregulated 
(Sowell & Buchanan, 1983).  PBP2d and PBP2c are expressed in the forespore during 
sporulation (Pedersen et al., 2000; Popham & Setlow, 1993a) and have been proposed to play 







There are many different factors of the spore that make it able to survive in the 
environment during harsh conditions. In general, the coat protects the spore from enzymatic 
assaults such as lysozyme and the cortex is required for protection from high temperature. The 
coat’s ability to protect the spore from enzymatic assaults has proven useful in resisting 
predation by bacteriophagous organisms like Tetrahymena (Klobutcher, Ragkousi, & Setlow, 
2006; Laaberki & Dworkin, 2008).  The cortex is believed to maintain the spore’s partially 
dehydrated state (Imae & Strominger, 1976a; Mallidis & Scholefield, 1987; Warth, 1978) and 
this low water content is associated with resistance to heat (Beaman & Gerhardt, 1986; 
Koshikawa et al., 1984). Other factors that contribute to heat resistance and reduction in spore 
water content include mineralization (Atrih & Foster, 2001; Bender & Marquis, 1985; Marquis & 
Bender, 1985; Slepecky & Foster, 1959) and the presence of the small molecule dipicolinic acid 
(DPA) (Paidhungat, Setlow, Driks, & Setlow, 2000; P. Setlow, 2006).  Additionally, the spore’s 
DNA is bound by small acid soluble proteins (SASPs) that protect the DNA from damage.  
Spores that lack SASPs are more susceptible to DNA damaging treatments such as exposure 
to UV irradiation (B. Setlow & Setlow, 1987) and hydrogen peroxide (B. Setlow & Setlow, 1993). 
A more in depth discussion of spore resistance mechanisms can be found in Leggett et al. 
(Leggett, McDonnell, Denyer, Setlow, & Maillard, 2012). 
Interest in the ability of spores to survive extraterrestrial environments dates back 
several decades to when Hagen et al. tested the survival of spores in a simulated Martian 
environment in an effort to determine the feasibility of extant life on other planets (Hagen, 
Hawrylewicz, & Ehrlich, 1964).  Although the search for extant life is still ongoing, there is 
significant concern about the contamination of extraterrestrial locations by Earth’s organisms 
carried on space crafts (Nicholson, Schuerger, & Race, 2009). In order to minimize the 
contamination risk, much research has been done to explore how and under what conditions 
terrestrial microorganisms may survive and replicate. In particular, understanding how spores, 
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one of Earth’s hardiest cell types, are able to withstand the harsh conditions of space may help 
the space biological research field to minimize terrestrial contamination. A recent study by 
Moeller et al., determined that spore survival in a simulated Mars environment is dependent 
largely on SASPs, the coat, and dipicolinic acid (Moeller, Schuerger, Reitz, & Nicholson, 2012) 
indicating that survival in Martian environments may depend on the spore’s numerous protective 
factors. 
 
Applications of sporulation studies  
Aside from utilizing sporulation as a model system to understand basic biological 
processes, other applications of studying sporulation derive from the robust nature of the spore. 
Bacterial cells have been successfully utilized as whole-cell biosensing systems that rely on 
genetically modified bacteria which are able to express reporter genes in the presence of an 
analyte of interest in a dose-dependent matter. Advantages of these systems include low-cost, 
sensitivity, rapid results and the ability to measure the bioavailability of target analytes (Rawson, 
Willmer, & Turner, 1989). However, one disadvantage has thus far been a lack of stability of the 
cells used in whole-cell biosensing systems in the field. A solution to this problem has been to 
use organisms that are able to undergo sporulation. Once they have formed spores, the 
biosensors can then be stored easily for extended periods of time until they are ready to be 
deployed (Date, Pasini, & Daunert, 2010). The harmless nature of B.subtilis and its genetic 
tractability, which facilitates the introduction of analyte based reporters, makes it particularly 
attractive for this purpose. Further studies into sporulation may help in the optimization of spore-
based biosensors. 
The spore’s unique features also make it amenable for a multitude of other applications. 
The spore’s outermost layer is composed of proteins making it easy to decorate the spore with 
proteins of interest through the incorporation of fusion proteins into the organism’s genome. 
Moreover, such engineered proteins are initially synthesized in the mother cell cytosol and are 
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displayed in the extracellular milieu on the surface of the spore only after mother cell lysis, 
thereby potentially avoiding protein misfolding issues that may arise when using purified 
proteins that are subsequently conjugated to a surface.  Such display systems may have 
multiple uses, including the utilization of spores as surface display systems for enzymes or for 
use as vaccination platforms (Hinc et al., 2010; Isticato et al., 2001; Mauriello et al., 2004).  
 
Concluding thoughts 
Since the initial descriptions by Ferdinand Cohn about 140 years ago of heat resistant 
spores formed by Bacillus subtilis (Cohn, 1877), sporulation has been used as a model system 
to study a “simple” example of cell differentiation and continues to be used to study fundamental 
cell biological processes.  The non-essential nature of many factors involved in sporulation has 
greatly facilitated progress made in the field. However, there are still many unanswered 
questions due to the complex interdependencies and redundancies that are inherent to robust 
developmental programs.  
Despite decades of study, the basic question of how a precursor cell may differentiate 
into two morphologically distinct, but genetically identical, daughter cells that exhibit different cell 
fates remains.  For example, although in eukaryotes, membrane remodeling events, such as 
those involved in organelle morphogenesis, endocytosis, and protein trafficking, have been 
extensively studied, the molecular details underpinning how the architecture of the flat polar 
septum is altered as the mother cell engulfs the forespore remain an active area of research.  
Regarding morphogenesis, the spore coat has been a model system for understanding how 
complex, asymmetric structures may be assembled in an orderly fashion.  For years, this 
structure resisted detailed in vitro investigations, since extensive covalent cross-links prevented 
the extraction of many coat proteins from mature spores.  However, advances in bacterial cell 
biological techniques have revealed detailed interaction networks between the approximately 
seventy proteins that make up the coat, and an outstanding challenge will be to recreate these 
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networks in vitro in order to ultimately assemble this structure biochemically.  At the heart of the 
study of sporulation remains the differential, but sequential, activation of transcription factors 
specifically in the mother cell and forespore that can reveal mechanisms by which adjacent cells 
can communicate with one another.  In B. subtilis, the molecular details of how σF, which is 
activated in the forespore and sets off the cascade of sigma factor activation, have been 
exquisitely worked out, yet the cell biological mechanisms that can explain how this activation 
occurs exclusively in the forespore has been largely unclear.  A related question is how 
asymmetric cell division mechanistically arises in the first place. Additionally, the mysterious 
chemicals that are transferred from the mother cell to the forespore via the “feeding tube” in 
order to activate σG exclusively in the forespore await discovery and may reveal how activation 
of a transcription factor may be linked to completion of a morphological event.  In total, then, a 
remarkable developmental process exhibited by a bacterium originally isolated from the soil at 
the dawn of the era of modern microbiology will likely continue to provide answers to 
fundamental biological questions. Developing approaches and strategies to unravel these 
unanswered questions may provide new tools for further understanding other more complex 
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 Understanding the mechanisms that underlie how cells differentiate into genetically 
identical, but morphologically distinct, daughter cells is a central challenge in developmental 
biology.  One aspect that contributes to the proper morphology of an organism is the presence 
of complex static structures whose assemblies must be carefully orchestrated during 
developmental programs (Hartwell & Weinert, 1989; Keaton & Lew, 2006; Richman & 
Handrigan, 2011).  A genetically tractable system to study the morphogenesis of such cellular 
structures is the process of bacterial endospore formation (sporulation), a simple developmental 
program in which a normally growing cell differentiates into two different cell types (Errington, 
2003; Piggot & Hilbert, 2004; Stragier & Losick, 1996).  In the rod-shaped bacterium Bacillus 
subtilis, nutrient deprivation triggers sporulation, whereupon the cell responds by elaborating an 
asymmetrically-placed division septum that results in two genetically identical, but unequally-
sized, daughter cells: the smaller “forespore” that eventually matures into a dormant spore and 
the larger “mother cell” that nourishes the forespore as it matures (Fig. 2.1A). The two daughter 
cells initially lie side-by-side, held together by a cell wall that surrounds both cells.  Next, the 
mother cell swallows the forespore in a process called engulfment.  As a result, the forespore 
becomes a double membrane-bound cell inside the mother cell cytosol.  Eventually, the mother 
cell lyses in a programmed event and the small cell, now a dormant spore, is released into the 
environment.   
 Mature spores of B. subtilis are about one micron in diameter and are encased in two 
concentric shells that protect the spore’s genetic material from various environmental insults 
(Henriques & Moran, 2007; P. Setlow, 2006). The outer shell, called the “coat”, is composed of 
some seventy different proteins and, being the outermost structure, is responsible for the 
spore’s characteristic appearance (Driks, 2002, 2004).  Coat proteins are synthesized in the 
mother cell and are deposited onto the surface of the developing forespore (Driks et al., 1994; 
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H. Kim et al., 2006; McKenney et al., 2010; McKenney & Eichenberger, 2012; Webb, Decatur, 
Teleman, & Losick, 1995).  Coat morphogenesis is initiated by the assembly of a basement 
layer around the developing forespore that is composed largely of a structural protein called 
SpoIVA which polymerizes to form a platform atop which coat proteins assemble (Driks et al., 
1994; Price & Losick, 1999; Ramamurthi & Losick, 2008; Roels et al., 1992).  SpoVM, a 26 
amino acid-long amphipathic protein, interacts with SpoIVA and the membrane, thereby 
anchoring SpoIVA onto the forespore surface (Levin et al., 1993; Ramamurthi et al., 2006; van 
Ooij & Losick, 2003).  A third protein, SpoVID, is required to drive the encasement of coat 
proteins around the developing forespore (Driks et al., 1994; McKenney et al., 2010; Wang et 
al., 2009).  The inner shell (the “cortex”), made of a specialized peptidoglycan (Gilmore et al., 
2004; Imae & Strominger, 1976a; Meador-Parton & Popham, 2000; Popham & Setlow, 1993b), 
is built between the two membranes encircling the forespore and is responsible for maintaining 
the spore’s shape (Atrih & Foster, 1999).  Cortex assembly is largely directed from the mother 
cell, where peptidoglycan precursors are synthesized and subsequently transported across the 
surface of the forespore into the inter-membrane space between the double membranes that 
encircle the forespore (Vasudevan et al., 2007).  The transported precursors are then 
assembled into peptidoglycan polymers by transglycosylases and transpeptidases located in 
this compartment (Popham et al., 1999; Popham, Illades-Aguiar, & Setlow, 1995; Popham & 
Stragier, 1991). 
Several observations indicated that, although the coat and cortex are spatially separated 
by a membrane, successful initiation of cortex assembly is absolutely dependent on successful 
initiation of coat assembly at the forespore surface, suggesting that the morphogenesis of both 
structures is linked.  For example, sporulation-defective mutants that display defects in initiating 
coat assembly are concomitantly defective in cortex assembly (Coote, 1972; Piggot & Coote, 
1976).  Indeed, in the absence of either SpoIVA or SpoVM not only does the coat fail to form  
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Figure 2.1. Ile15 of VM is required for cortex morphogenesis.  (A) Schematic representation 
of sporulation in B. subtilis.  After asymmetric division (top), the larger mother cell (MC) and the 
forespore (FS) lie side-by-side, held together by a cell wall (not shown for simplicity).  Plasma 
membrane is depicted in black.  Next, the mother cell engulfs the forespore (middle).  
Eventually, the forespore becomes a double membrane-bound cell inside the mother cell 
cytosol (bottom).  The proteins that comprise the coat (Ct, dark gray) are synthesized in the 
mother cell and are deposited on the forespore surface.  The cortex (Cx, light gray) is built in the 
space between the two membranes that encapsulate the forespore.  For simplicity, early 
localization of certain coat proteins to the engulfing membrane in panel two is not shown 
(McKenney & Eichenberger, 2012).  (B-F) Electron micrographs of negatively stained thin 
sections of sporulating wild type (B, strain PY79), or VM deletion (C, strain KR94) strains of B. 
subtilis collected five hours after induction of sporulation.  VM deletion strain in (C) was 
complemented with a wild type copy (D, strain KR103) or the I15A allele (E, strain KR322) of 
VM at an ectopic locus (amyE) on the chromosome.  (F) Strain in (E) harboring a spontaneous 
suppressor mutation in the cmpA gene (strain KRC56).  All images are oriented such that the 
engulfed forespore is to the right and the mother cell is to the left.  Cortex (Cx) in the 







properly, but cortex assembly also fails to initiate (Levin et al., 1993; Roels et al., 1992).  
Moreover, point mutations in spoIVA that disrupt coat assembly also abolish cortex assembly, 
and the isolation of mutant alleles of spoIVA that are defective for the assembly of one structure, 
but not the other, have not been reported (Catalano, Meador-Parton, Popham, & Driks, 2001). It 
is important to note that removal of other major coat morphogenetic proteins [for example, SafA, 
CotE, CotZ, or SpoVID (Beall, Driks, Losick, & Moran, 1993; McKenney et al., 2010; 
Takamatsu, Kodama, Nakayama, & Watabe, 1999; Zheng et al., 1988)] do not abrogate the 
morphogenesis of the cortex, suggesting a unique role for SpoIVA and SpoVM in orchestrating 
coat and cortex assembly.  Although many of the factors that are required for the formation of 
either structure have been very well characterized, the mechanism that temporally orchestrates 
the morphogenesis of both spatially separated structures has remained largely mysterious.  
 Here, we report the discovery of a sporulation pathway that links cortex morphogenesis 
to successful initiation of coat assembly.  This pathway involves the small protein SpoVM and 
another small sporulation protein herein named the Cortex morphogenetic protein A (CmpA), 
encoded by a previously un-annotated, 37-codon-long open reading frame that is also 
expressed under the control of two mother cell-specific transcription factors (σE and SpoIIID).  
Deletion of cmpA suppressed the sporulation defect of a mutant allele of spoVM that was 
capable of initiating coat assembly, but failed to initiate cortex assembly.  In contrast, artificially 
overproducing CmpA delayed steps of sporulation that require peptidoglycan synthesis and 
reduced sporulation efficiency.  CmpA localized to the surface of the forespore early during 
sporulation while coat assembly was initiating, but was undetectable in cells that had 
successfully progressed through the sporulation program.  Taken together, we propose a model 
in which CmpA represses premature cortex assembly until coat assembly successfully initiates, 




VM coordinates coat and cortex assembly during sporulation 
Deletion of spoVM (hereafter, simply “VM”) causes a severe reduction in sporulation 
efficiency due to defects in assembling the spore coat and cortex (Levin et al., 1993); Fig. 2.1B-
C; contrast the presence of the cortex, which is seen as a white ring, labeled “Cx”, in the WT cell 
encircling the forespore which excludes the stain to the absence of such a ring in the VM 
strain).  In order to understand how VM coordinates the assembly of both structures we sought 
to first identify amino acid residues in VM, by alanine scanning mutagenesis, that would 
specifically abrogate cortex assembly, while still permitting the initiation of coat assembly.  
Substitution of Ile15 of VM with Ala resulted in a severe sporulation defect in cells harboring 
VMI15A as the only copy of VM [1.2 X 10-6 relative to wild type; Table 2.2; (van Ooij & Losick, 
2003)].  Examination of these cells by electron microscopy revealed that cortex assembly was 
abrogated, similar to strains in which the VM gene had been deleted (Fig. 2.1E; compare to Fig. 
2.1C).   
In order to ensure that initiation of coat assembly was not affected in strains harboring 
VMI15A, we first examined the localization of VMI15A fused to green fluorescent protein (GFP) 
using fluorescence microscopy.  In otherwise wild type cells, VM-GFP localized almost 
exclusively around the surface of the developing forespore, whereas a previously characterized 
variant, VMP9A-GFP, promiscuously mis-localized to the membrane surrounding the mother cell 
as well [Fig. 2.2A-B; (Ramamurthi et al., 2009; van Ooij & Losick, 2003)].  In comparison, 
localization of VMI15A-GFP was similar to that of wild type VM, suggesting that substitution of I15 
with Ala did not affect localization of VM (Fig. 2.2C).  Because VM is responsible for anchoring 
the basement layer of the coat to the forespore surface, we next examined the ability of VMI15A 
to recruit SpoIVA (hereafter, simply “IVA”), which is a major structural component of the  
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Table 2.1. Strains used in this chapter. 
Strain Genotype Reference 
PY79 Prototrophic derivative of B. subtilis 168 Youngman et al. (1984) 
CVO1195 amyE::spoVM-gfp cat van Ooji and Losick (2003) 
CVO1395 amyE::spoV P9A-gfp cat van Ooji and Losick (2003) 
CVO1399 ∆spoVM::spc amyE::spoVMF3Acat van Ooji and Losick (2003) 
CVO1402 ∆spoVM::spc amyE::spoVMI6Acat van Ooji and Losick (2003) 
CVO1405 ∆spoVM::spc amyE::spoVMP9Acat van Ooji and Losick (2003) 
KR94 ∆spoVM::tet Ramamurthi et al. (2006) 
KR103 ∆spoVM::tet amyE::spoVM  cat Ramamurthi et al. (2006) 
KR320 ∆spoVM::tet amyE::spoVML8A cat Ramamurthi et al. (2006) 
KR321 ∆spoVM::tet amyE::spoVML12A cat Ramamurthi et al. (2006) 
BJK458 amyE::Phyperspank-gfp spc Kain and Losick (2008) 
KR322 ∆spoVM::tet amyE::spoVMI15Acat   
KRC56 ∆spoVM::tet amyE::spoVMI15Acat cmpAQ10stop  
KRC125 ∆spoVM::tet amyE::spoVM cat cmpAQ10stop  
SE44 ∆spoVM::tet amyE::spoVMI15A-gfp cat  
KR165 ∆spoVM::tet amyE::spoVM cat thrC::gfp-spoIVA spc  
SE6 ∆spoVM::tet amyE::spoVMI15A cat thrC::gfp-spoIVA spc  
SE50 ∆spoVM::tetR amyE::spoVMP9Acat thrC::gfp-spoIVA spc  
SE55 ∆spoVM::tet amyE::spoVM cat::erm cotE::pcotE-gfp cat  
KR603 ∆spoVM::tet amyE::spoVMP9Acat::erm cotE::pcotE-gfp cat  
SE47 ∆spoVM::tet amyE::spoVMI15Acat::erm cotE::pcotE-gfp cat  
SE178 ∆cmpA::erm  
SE54 ∆spoVM::tet amyE::erm   
SE57 ∆spoVM::tet amyE::spoVMF3Acat cmpAQ10Stop  
SE58 ∆spoVM::tet amyE::spoVMI6Acat cmpAQ10Stop  
SE59 ∆spoVM::tet amyE::spoVMP9Acat cmpAQ10Stop  
SE60 ∆spoVM::tet amyE::spoVML12Acat cmpAQ10Stop  
SE61 ∆spoVM::tet amyE::spoVML8Acat cmpAQ10Stop  
SE222 amyE::PcmpA-lacZ cat  
SE234 amyE:: PcmpA-lacZ cat ∆spo0A::erm  
SE235 amyE:: PcmpA-lacZ cat ∆sigE::erm  
SE236 amyE:: PcmpA- ∆sigG::erm  
SE246 amyE:: PcmpA- ∆sigK::erm  
IT232 amyE:: PcmpA- ∆spoIIID::erm  
SE230 amyE::cmpA-lacZ cat  
SE241 amyE::spoVM -lacZ cat  
SE209 thrC::cmpA-gfp spec  
SE211 ∆spoVM::tet  amyE::VM(I15A)cat ∆cmpA::erm thrc::cmpA-gfp  
SE364 amyE::Phyperspank-cmpA-gfp spc  
SE367 ∆spoVM::tet amyE::Phyperspank-cmpA-gfp spc  




SE381 ∆spoVM::tet amyE::Phyperspank-cmpA-gfp spc thrC::spoVM erm  
SE174 thrC::cmpA spc  
SE191 amyE::Phyperspank-cmpA spc  
SE181 ∆spoVM::tet amyE::spoVMI15Acat ∆cmpA::erm  
SE188 ∆spoVM::tet amyE::spoVMI15Acat ∆cmpA::erm thrC::cmpA spc  
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Table 2.2. Sporulation efficiencies of strains harboring various VM alleles in the presence or 
absence of cmpA (measured by heat resistance). Standard deviation from mean is reported in 




Straina Sporulation Efficiency Straina Sporulation Efficiency 
WT A 1 I 0.9 
∆ B < 1 x 10-8 J < 1 x 10-8 
I15A C 1.2 x 10-6 K 0.28 (0.02) 
F3A D < 1 x 10-8  L < 1 x 10-8 
I6A E < 1 x 10-8 M 5 x 10-7 (1 x 10-7) 
P9A F < 1 x 10-8 N 1.7 x 10-7 (9 x 10-8) 
L8A G < 1 x 10-8 O < 1 x 10-8 
L12A H 1 x 10-8  P 2.7 x 10-6 (8 x 10-7) 
a. Strain A: PY79; B: KR94; C: KR322; D: CVO1399; E: CVO1402; F: CVO1405; G: KR320; H: 
KR321; I: KRC125; J: SE54; K: KRC56; L: SE57; M: SE58; N: SE59; O: SE61; P: SE60.  
Genotypes are listed in Table 2.1. 
 
basement layer.  In cells harboring a wild type copy of VM, GFP-IVA localized around the 
surface of the forespore in a pattern that was similar to the localization of VM-GFP (Price & 
Losick, 1999).  In cells expressing VMP9A as the only copy of VM, GFP-IVA mis-localized as a 
cap on the mother cell-proximal side of the forespore.  However, GFP-IVA localized normally in 
the presence of VMI15A (Fig. 2.2D-F).  Next, we examined the localization of CotE, a later-
assembling coat protein that is recruited by IVA and is in turn required for the recruitment of 
proteins that comprise the outer layers of the spore coat (Zheng et al., 1988).  In the presence 
of wild type VM, CotE-GFP encircled the forespore with a biased accumulation on the mother 
cell-proximal face of the forespore (Webb et al., 1995).  In the presence of the mis-localizing 
VMP9A, CotE-GFP mis-localized as a cap on the mother cell-proximal side of the forespore, but 
in the presence of VMI15A, the pattern of CotE-GFP localization was similar to wild type (Fig. 
2.2G-I).   
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Figure 2.2. Ile15 of VM is not required for initiation of coat assembly. Localization of VM-
GFP (A, strain CVO1195), VMP9A-GFP (B, strain CVO1395), or VMI15A-GFP (C, strain SE44) in 
an otherwise wild type strain.  (D-F) Localization of GFP-IVA in the presence of wild type VM 
(strain KR165), VMP9A (strain SE50), or VMI15A (strain SE6).  (G-I) Localization of CotE-GFP in 
the presence of wild type VM (strain SE55), VMP9A (strain KR603), or VMI15A (strain SE47).  
Overlay of GFP fluorescence in panels A-I and membranes visualized with the fluorescent dye 







Taken together, we conclude that substitution of Ile15 of VM with Ala specifically impairs cortex 
assembly, but not the initiation of coat assembly.   
Allele specific suppression of VMI15A 
 In an effort to identify other factors that participate with VM in coordinating cortex 
assembly with coat assembly, we took advantage of the strong sporulation phenotype caused 
by VMI15A to select for a suppressor mutation that would correct this defect.  We therefore 
subjected cells harboring VMI15A to repeated cycles of sporulation, followed by heat treatment to 
eliminate cells that were unable to sporulate, followed by germination and growth in fresh 
medium.  Our selection yielded an extragenic suppressor mutation which not only corrected the 
heat resistance defect caused by VMI15A to near wild type levels (0.28 ± .02 relative to wild type; 
Table 2.2, strain K ) but also restored cortex assembly (Fig. 2.1F; compare to Fig. 2.1B). The 
mutation was found to be a single nucleotide transition of cytosine to thymine, located in an 
intragenic region between ydcI and ydcK, two genes of unknown function, at approximately 45° 
relative to the origin of the B. subtilis chromosome.  Closer examination of this intragenic region 
revealed a previously un-annotated small putative open reading frame on the complementary 
strand encoding a 37 amino acid-long protein which we named Cortex morphogenetic protein A 
(CmpA; Fig. 2.3A-B).  The suppressor mutation changed the tenth codon of cmpA from CAA, 
specifying Gln, to TAA, specifying an ochre stop codon, which would presumably result in a 
truncated CmpA protein product.  The upstream region of the cmpA ORF harbored a DNA 
sequence that conformed to a canonical B. subtilis ribosome binding site nine bases upstream 
of the start codon.  In addition, the cmpA gene was preceded by a sequence that exactly 
matched the consensus -10 sequence for promoters bound by the mother cell-specific 
sporulation sigma factor E [σE (Eichenberger et al., 2004)], which also drives expression of VM 
(Levin et al., 1993).  Although we were unable to find a convincing match for the -35 element 
recognized by σE, the upstream sequence did harbor a nearly perfect match to the consensus 
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sequence recognized by the transcription factor SpoIIID (Eichenberger et al., 2004).  
Interestingly, Schmalisch et al. recently identified a small RNA transcript corresponding to this 
region that was specifically expressed during stationary phase in sporulation medium 
(Schmalisch et al., 2010).  Given the possible sporulation-specific involvement of cmpA and its 
reported expression profile, we investigated whether the gene was conserved in other 
organisms.  BLAST search revealed that cmpA is well conserved among closely related spore 
forming species of the Bacillales order (including Paenibacillus and Geobacillus spp.), but not 
among the spore forming Clostridium species (Fig. 2.3C).  Additionally, the σE -10 consensus 
site and the putative SpoIIID binding site were also largely conserved among members of the 
Bacillales order (Fig. 2.4).  It is worth noting that in the closely related (but non-spore-forming) 
Listeria monocytogenes, the surrounding chromosomal region is largely conserved, but the 
open reading frames of ydcI and ydcK overlap so that the intergenic region harboring cmpA is 
absent.  Beyond the conservation of cmpA orthologs in other spore forming bacteria, we were 
unable to identify any conserved motifs that would imply any cellular function.  
In order to test if the suppression phenotype was caused by a loss of function of a 
putative CmpA protein product, we constructed a complete deletion of the cmpA ORF by 
insertion of an antibiotic resistance cassette.  Strains harboring a complete deletion of cmpA 
suppressed the VMI15A sporulation defect to similar levels (0.14 ± 0.04 relative to WT; strain 
SE181) as the spontaneous suppressor harboring a stop codon in cmpA, suggesting that a loss 
of CmpA function was responsible for the suppression phenotype.  Complementation of this 
cmpA deletion mutation by introducing cmpA (putative cmpA ORF plus 126 nucleotides 
upstream of the start codon) at an ectopic locus in the chromosome (thr) restored the 
sporulation defect of VMI15A (1.5 X 10-5 ± 2.9 X 10-6 relative to WT; strain SE188), indicating that 
inactivation of the cmpA gene alone was responsible for the suppression of the VMI15A 
sporulation defect.  Next, we wished to determine if the cmpAQ10stop mutation was bypassing the  
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Figure 2.3. cmpA is a small open reading frame that is conserved among spore-forming 
bacteria.  (A) Physical map of the cmpA region of the B. subtilis chromosome.  Arrows depict 
the direction of transcription.  Map is drawn to scale, except that the relative length of the arrow 
depicting the cmpA open reading frame (black) has been exaggerated. (B) Nucleotide sequence 
of the cmpA region of the chromosome.  Predicted amino acid sequence of the protein is shown 
below each codon.  Putative ribosome binding site (RBS), - E, and putative 
SpoIIID binding site are underlined.  Consensus nucleotide sequence for the -10 binding site for 
E and SpoIIID are shown in italics above the chromosomal nucleotide sequence, where capital 
letters depict highly conserved nucleotides, and “x” is any nucleotide.  (C) Amino acid sequence 
conservation of CmpA among spore forming bacteria.  Conserved amino acids are shaded in 




Figure 2.4.  Predicted SpoIIID binding site and E -10 consensus sequence upstream of 
cmpA orthologs are widely conserved.  One hundred nucleotides immediately upstream of 
cmpA orthologs from various spore forming bacteria are shown (two hundred nucleotides are 
shown for B. anthracis).  Predicted SpoIIID binding sites, when identified, are highlighted in the 




requirement for VM altogether and if it was able to suppress the sporulation defects caused by 
mutant alleles of VM other than VMI15A.  The results in Table 2.2 show that the cmpAQ10stop 
mutation did not bypass a VM mutation (strain J) and that it was unable to suppress other 
mutant alleles of VM that were known to cause sporulation defects (van Ooij & Losick, 2003).  
We conclude that truncation of cmpA at position 10 results in a loss of function of the protein it 
encodes and suppresses the sporulation defect of VMI15A in an allele-specific manner.  These 
results led us to hypothesize that cmpA encodes a protein that inhibits cortex assembly until 
coat assembly initiates, and that this inhibition is never properly relieved in cells harboring 
VMI15A, despite proper initiation of spore coat assembly.   
 
cmpA is a novel sporulation gene regulated by σE and SpoIIID 
To determine how cmpA is transcriptionally regulated, we constructed a strain in which 
sequences upstream of the cmpA ORF (which include the putative promoter, ribosome binding 
site, and start codon) were fused in frame to the lacZ reporter gene.  Cultures of the strain 
harboring this PcmpA-lacZ construct were induced to sporulate, and -galactosidase activity in 
cell extracts prepared at various time points during sporulation were measured.  -galactosidase 
activity was undetectable above background before the induction of sporulation, but began to 
increase at approximately 2.5 hours after induction (Fig. 2.5A).  Similar results were obtained for 
a translation fusion in which the entire cmpA ORF was fused in frame to lacZ, indicating that the 
open reading frame was not simply transcribed, but was also translated into a protein product.  
In comparison, fusion of the promoter and ORF of VM, a bona fide σE-controlled gene, to lacZ 
displayed a similar timing of expression, though at higher absolute levels of -galactosidase 
activity, consistent with the idea that cmpA expression also may be driven by σE. 
 To examine the sporulation-specific expression of cmpA, we introduced deletions of 
genes encoding various sporulation-specific transcription factors into the strain harboring PcmpA-
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lacZ.  Deletion of spo0A, which governs the entry of cells into sporulation, sigE (which encodes 
σE), or spoIIID (a mother cell-specific transcription factor) abolished cmpA expression (Fig. 
2.5B).  In contrast, deletion of sigG or sigK, which encode sporulation sigma factors that act 
downstream of σE and SpoIIID, did not eliminate cmpA expression.  Taken together, we 
conclude that cmpA is a gene that is exclusively produced during sporulation and is regulated 
by the mother cell-specific transcription factors σE and SpoIIID. 
 
CmpA localizes to the surface of the forespore 
In order to study the subcellular localization of CmpA, we fused cmpA in frame to the 
gene encoding green fluorescent protein (gfp) under control of the cmpA promoter.  When 
produced under control of its native promoter, though, its fluorescence signal was too faint to be 
detected by fluorescence microscopy.  We therefore cloned the cmpA-gfp fusion under control 
of the IPTG-inducible Phyperspank promoter.  Cells that expressed VM
I15A along with cmpA-gfp as 
the only copy of cmpA displayed an intermediate sporulation efficiency (6.5 X 10-3 ± 1.7 X 10-3 
relative to wild type; strain SE211), indicating that the CmpA-GFP construct was partially 
functional. To achieve mother cell-specific over-expression of cmpA-gfp during sporulation, we 
exploited a previously described property of sporangia wherein, after the completion of 
engulfment, activation of xylose-inducible promoters in the forespores was abolished after 
xylose was added to the growth medium, presumably because the forespore became 
impermeable to externally added chemicals as it began to metabolically shut down (Camp & 
Losick, 2009; Doan et al., 2009; Rudner, Pan, & Losick, 2002).  To test if IPTG is also unable to 
induce gene expression in the forespore after completion of engulfment, we examined the 
production of free GFP in sporulating cells harboring Phyperspank-gfp.  Engulfment was monitored 
using membrane permeable (TMA-DPH) and membrane impermeable (FM4-64) fluorescent 
dyes as described previously (Sharp & Pogliano, 1999) in order to measure when the forespore  
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Figure 2.5.  cmpA is transcribed only during sporulation and depends on the mother cell-
specific transcription factors E and SpoIIID.  (A) -galactosidase accumulation was 
measured in cells harboring a spoVM-lacZ (▼; strain SE241), PcmpA-lacZ (●; strain SE222), or 
cmpA-lacZ (■; strain SE230) reporter fusion at various times during sporulation in wild type cells 
or in cells that did not harbor a lacZ reporter [▲; strain PY79, labeled “(-)”;].  (B) -galactosidase 
accumulation was measured from a PcmpA-lacZ reporter fusion at various times during 
sporulation in wild type (●; strain SE222), and cells harboring a deletion in sigK (♦; strain SE246, 
“K”), sigG (▼;strain SE236, “G”), spo0A (■; strain SE234, “spo0A”), sigE (▲; strain 
SE235, “E”), or spoIIID (□; strain IT232, “spoIIID”).  Symbols represent mean values of three 




surface separates from the mother cell plasma membrane.  Before completion of engulfment (2 
hours after the start of sporulation), forespores were detectable using both dyes and, when 
IPTG was added to cells at this stage, free GFP was uniformly produced in both compartments 
(Fig. 2.6A, C, E, G).  Completion of engulfment (3.5 hours after the start of sporulation) was 
evident when forespores could not be detected using the membrane impermeable FM4-64, but 
were visible using TMA-DPH (Fig. 2.6D, F).  When IPTG was added to these post-engulfed 
cells, GFP fluorescence was detected exclusively in the mother cell (Fig. 2.6B, H) indicating 
that, after engulfment, IPTG only induced gene expression from the Phyperspank promoter in the 
mother cell.   
Three hours after initiation of sporulation, 88% of cells harboring Phyperspank-cmpA-gfp had 
completed engulfment, at which time we added inducer to produce CmpA-GFP.  Thirty minutes 
later, we observed that CmpA-GFP production could be monitored by immunoblotting (Fig. 2.7) 
and that CmpA-GFP localized largely to the forespore surface (Fig. 2.8A).  Immunoblotting also 
allowed us to confirm that the fluorescence signal was due to the production of CmpA-GFP and 
not free GFP (fig. 2.7). To test if CmpA localization was dependent on VM, we observed the 
localization of CmpA-GFP in cells harboring a deletion in VM.  In the absence of VM, CmpA-
GFP continued to localize to the forespore surface, but most of the fluorescence signal was 
present as a focus on the mother cell-proximal side of the forespore (Fig. 2.8B).  In the 
presence of VMI15A, CmpA-GFP localized in a similar pattern as seen in otherwise wild type cells 
(Fig. 2.8C).  Taken together, we conclude that CmpA localizes to the surface of the forespore 
and that its proper localization either directly or indirectly depends on VM.   
 
CmpA inhibits sporulation and is required for proper coat assembly 
The suppression of the VMI15A cortex assembly defect by removing CmpA suggested 
that CmpA inhibits cortex assembly until coat assembly properly initiates.  If so, would 
overexpression of cmpA inhibit cortex assembly?  To test this, we first wished to determine if  
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Figure 2.6.  IPTG does not induce expression of genes in the forespore after completion 
of engulfment.  Cells harboring Phyperspank-gfp were induced to produce GFP either before (left) 
or after (right) completion of engulfment.  (A-B)  Fluorescence signal from GFP.  (C-D) 
Membrane stain by the membrane-impermeable dye FM4-64 to monitor the topological 
separation of the outer forespore membrane from the mother cell plasma membrane in post-
engulfed cells.  (E-F) Membrane stain by the membrane-permeable dye TMA-DPH to visualize 
forespores in post-engulfed cells. (G-H)  Overlay, GFP and FM4-64.  Below, tinduction, time 
(hours) after the induction of sporulation at which IPTG was added to cultures to induce 





Figure 2.7.  Overproduction of CmpA-GFP.  Immunoblot analysis of cell extracts taken at 
t=3.5 hours after the induction of sporulation from cells expressing cmpA-gfp under control of its 
native promoter (left, strain SE209)) or the IPTG-inducible hyperspank promoter (right, strain 
SE364, 1 mM IPTG added at t=3 hours after induction of sporulation) using antibodies to GFP 




Figure 2.8.  CmpA localizes to the surface of the forespore.  (A-C) Localization of CmpA-
GFP in the presence of wild type VM (strain SE364), absence of VM (strain SE367), or VMI15A 
(strain SE374).  (D-F) Overlay, GFP fluorescence and membranes in panels A-C visualized with 






expression of cmpA during vegetative growth would also inhibit peptidoglycan assembly in the 
cell wall and therefore be toxic to cells.  We therefore artificially induced the expression of cmpA 
in cells harboring Phyperspank-cmpA at the amy locus during normal growth in CH medium (Sterlini 
& Mandelstam, 1969) and monitored growth by measuring the turbidity of the culture (Fig. 2.9A, 
left).  Compared to wild type, induced expression of cmpA did not appear to be toxic to 
vegetatively growing cells, and the morphology of cells overexpressing cmpA appeared similar 
to that of wild type cells (Fig. 2.9A, right).  Similar results were obtained with cultures grown in 
DSM medium (Fig. 2.10), indicating that CmpA likely does not affect peptidoglycan assembly 
during vegetative growth. 
To determine if overproduction of CmpA would inhibit cortex assembly, cells harboring 
Phyperspank-cmpA at the amy locus (in addition to the copy of wild type cmpA at its native locus) 
were induced to sporulate either in the presence or absence of inducer and sporulation 
efficiency was measured by calculating the number of heat-resistant spores produced in DSM 
medium as compared to wild type cells.  As mentioned above, whereas native levels of CmpA 
(when fused to GFP) could not be detected by immunoblotting, the fusion was easily detected 
when expression of cmpA-gfp was induced with IPTG, suggesting that the hyperspank promoter 
indeed drives overproduction of CmpA (Fig. 2.7). The results in Table 2.3 show that, whereas 
the sporulation efficiency of wild type cells was not diminished by addition of inducer, 
introducing an extra copy of cmpA, even in the absence of inducer, reduced sporulation  
 
Table 2.3. Sporulation efficiencies of strains overexpressing cmpA (measured by heat 
resistance). Standard deviation from mean is reported in parentheses (n≥3). 
Straina Description Inducer Sporulation Efficiency 
A WT - 1 
+ 1.51 (.38) 
B Phyperspank-cmpA - .48 (.05) 
+ .29 (.12) 
a. Strain A:PY79; B: SE191. 
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Figure 2.9.  Overproduction of CmpA arrests sporulation, but not vegetative growth.  (A) 
Left: Representative growth curves of wild type (strain PY79), cmpA (strain SE178), or cells 
(strain SE191) that had (+IPTG) or had not (-IPTG) been induced to overproduce CmpA grown 
in CH medium from a single experiment. Right: Morphology of the same cells examined by 
fluorescence microscopy at t = 2.5 hours using the membrane stain TMA-DPH.  (B-D) Kinetics 
of sporulation in cultures of cells (strain SE191) that had (▼; +IPTG) or had not (▲; -IPTG) 
been induced to overproduce CmpA.  Cells were induced to sporulate by resuspension in SM 
medium, stained with the fluorescent dye TMA-DPH to visualize membranes, and examined by 
differential interference contrast microscopy (DIC) and epifluorescence microscopy.  Fraction of 
total cells in given fields at various time points that were at Stage 0-1 (B) or Stage II-III (C) of 
sporulation as determined by membrane staining (cell morphology at each stage is represented 
by the cartoon above each graph).  (D)  Fraction of cells at various time points that had 
elaborated phase bright forespores as determined by DIC.  Symbols in (B-D) represent mean 
values of between 230 and 646 total scored cells from three independent sporulating cultures; 
error bars represent standard error of the mean.  (E) Kinetics of production of heat resistant 
spores of wild type cells (●; strain PY79), or cells (strain SE191) induced (▼; + IPTG) or not 
induced (▲; -IPTG) to overproduce CmpA.  Symbols represent mean values obtained from 
three independent measurements; error bars represent standard error of the mean. (F) Change 
in morphology of cells over time that had not (- IPTG) or had (+ IPTG) been induced to 
overproduce CmpA as measured by differential interference contrast microscopy. The white 
arrow at 26 hours indicates a spore-like particle that was not phase bright. (G)  Top: Electron 
micrographs of negatively stained thin sections of wild type (left, strain PY79; arrow indicates a 
mature spore) or cells overproducing CmpA (right, strain SE191) examined 24 hours after 
induction of sporulation by nutrient depletion in DSM medium at lower magnification to show a 
large field of view (scale bar: 2m).  Below, a representative image of a late stage sporangium 
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and three representative images of mature released spores (left) of wild type cells; on the right, 
two representative images of cells overproducing CmpA that had been arrested during 





Figure 2.10. Overproduction of CmpA does not inhibit vegetative growth in DSM medium.  
Growth curves of wild type (strain PY79), cmpA (strain SE178), or cells (strain SE191) that had 




efficiency two-fold to 0.48 ± .05 relative to wild type, presumably due to leaky expression from 
the hyperspank promoter [a true diploid strain harboring a second copy of cmpA under control of 
its native promoter (strain SE174) sporulated with an efficiency of 0.74 ± 0.05 relative to wild 
type].  When cells were grown in the presence of 1mM IPTG, sporulation efficiency was lowered 
over three-fold to .29 ± .12 relative to wild type (Table 2.3).  To determine the stage at which 
these cells were impaired, we used a combination of fluorescence and differential interference 
contrast microscopy to monitor cells harboring Phyperspank-cmpA at various time points when 
sporulation was induced by resuspension either in the presence or absence of IPTG, and 
measured the number of cells that had not yet elaborated polar septa (comprising vegetative 
cells, and sporangia at Stage 0 or Stage I of sporulation); cells that had elaborated polar septa, 
were engulfing, or had finished engulfment (sporangia at Stage II or Stage III); or sporangia that 
had elaborated phase bright forespores (Fig. 2.9B-D).  Whereas cells that did not receive IPTG 
rapidly began to enter sporulation (evidenced by the decrease in the number of Stage 0 and 
Stage I cells; Fig. 2.9B, “-IPTG”), those cells that were induced to overexpress cmpA were 
delayed in entering sporulation.  Concomitantly, the majority of cells that did not receive IPTG 
had either begun or finished engulfment by hour 3. In contrast, cells that received IPTG 
displayed a delayed entry into the engulfment stage, with a wide peak centered around hour 8 
of sporulation (Fig. 2.9C).  Similarly, cells that did not receive IPTG began to elaborate phase 
bright forespores from hour 5 to hour 8 of sporulation, whereas for IPTG-induced cells, the peak 
number of cells harboring phase bright forespores did not occur until hour 13 of sporulation (Fig. 
2.9D).  Finally, heat resistant spores accumulated at a similar rate in cultures un-induced with 
IPTG compared to the accumulation of spores in cultures of wild type cells (final sporulation 
efficiency of strain SE191, un-induced with IPTG 26 hours after induction of sporulation by 
resuspension was 1.1 ± 0.2 relative to wild type; Fig. 2.9E).  In contrast, cells that were induced 
to overproduce CmpA accumulated heat-resistant spores with an efficiency of only 0.13 ± .02 
relative to wild type in resuspension medium (Fig. 2.9E).  Examining the morphology of these 
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cells at various time points by differential interference contrast microscopy revealed that the 
elaboration of phase bright spores and released spores was both reduced and delayed when 
cells were induced to over-produce CmpA (Fig. 2.9F).  Interestingly, in cultures that received 
IPTG we noticed an additional peak in the number of cells that we scored as “Stage 0” or “Stage 
I” cells at t=16 (Fig. 2.9B) which coincided with a drop in the number of cells harboring phase 
bright forespores (Fig. 2.9D).  This drop was not accompanied by an increase in heat resistant 
spores at t=16 (Fig. 2.9E), suggesting that some cells that initially elaborated phase bright 
forespores failed to progress through the sporulation program and became eventually 
unaccounted for (perhaps due to lysis), resulting in a relative increase in cells scored as “Stage 
0-1” in the population.  Additionally, we noticed that cells overproducing CmpA released many 
bodies that were similar in size and shape to mature spores, but were not phase bright (Fig. 
2.9F, t=26 hours, indicated with an arrow).  Examination of CmpA-overproducing cells by 
electron microscopy also revealed that far fewer mature spores were produced.  Additionally, 
those cells that were present largely failed to assembly a cortex (Fig. 2.9G, right; Fig. 2.11).  
Taken together, we conclude that overexpression of cmpA results in a delay in engulfment (and 
likely, polar septation), a delay in the appearance of phase bright forespores, and an almost 
eight-fold decrease in the production of heat resistance spores, apparently due to defects in the 
initiation of cortex assembly.  Curiously, although vegetatively growing cells are largely 
unaffected by artificially produced CmpA, overexpression of cmpA at the onset of sporulation 
arrests or delays sporulation at stages that are known to require peptidoglycan synthesis 
(Henriques & Moran, 2007; Meyer et al., 2010), suggesting that CmpA specifically affects 
peptidoglycan assembly during sporulation.   
 How, then, does the cell relieve the inhibition of sporulation imposed by CmpA?  In order 
to investigate this, we monitored the presence of CmpA-GFP in cells harboring either wild type 
VM or in those harboring VMI15A, which are unable to progress beyond the CmpA block.  After 
the majority of cells had completed engulfment, we added inducer to produce CmpA-GFP 
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Figure 2.11. Overproduction of CmpA arrests sporulation.  Gallery of additional electron 
micrographs of negatively stained thin sections of cells overproducing CmpA (strain SE191) 
examined 24 hours after induction of sporulation by nutrient depletion in DSM medium at lower 
images of cells overproducing CmpA that had been arrested during sporulation at higher 





exclusively in the mother cell (because the CmpA-GFP fusion is largely non-functional, it did not 
inhibit sporulation despite its overproduction).  At an early stage of sporulation, before the 
elaboration of phase bright spores, CmpA-GFP was present around the forespores of cells that 
harbored either VMWT or VMI15A (Fig. 2.12A-B, arrows).  However, 5.5 hours after the induction 
of sporulation, CmpA-GFP was undetectable in greater than 91% of wild type cells that had 
elaborated a phase-bright forespore, despite the continued presence of inducer in the medium 
that drove transcription of cmpA-gfp (n=144; the remaining 9% of cells harbored only residual 
amounts of CmpA-GFP that did not encircle the forespore; Fig. 2.12C, arrowhead).  
Interestingly, those few cells that had not yet elaborated a phase bright forespore at this later 
time point still retained CmpA-GFP around the forespore (Fig. 2.12C, arrow).  In contrast, in 
greater than 80% of cells (n=184) expressing VMI15A that elaborated a phase-bright forespore, 
CmpA-GFP was still present at the later time point and completely encircled the forespore (the 
remaining approximately 20% retained significant amounts of CmpA-GFP, but the fluorescence 
signal did not completely encircle the forespore; Fig. 2.12D).  Although fusion of GFP to CmpA 
could artificially stabilize the protein in the presence of VMI15A, our observation that in cells 
harboring wild type VM CmpA-GFP eventually becomes undetectable suggests that the fusion 
is able to be removed.  Taken together, we conclude that once cells progress beyond the stage 
of sporulation at which they begin to elaborate phase-bright spores, CmpA is post-translationally 
removed, perhaps to overcome its inhibitory effects.  Conversely, in those cells that fail to 
progress beyond this stage, CmpA remains present. The data are therefore consistent with a 
model in which the inhibitory effect of CmpA must be removed before cells can progress 
through the sporulation program.   
Would premature removal of CmpA, then, have an effect on the sporulation program?  
Deletion of cmpA did not reduce sporulation efficiency when cells were grown in DSM medium 
(Table 2.2, strain I), but we wondered if sporulation would proceed faster in the absence of 
inhibitory activity of CmpA.  To test this, we measured the appearance of heat resistant spores  
56 
 
Figure 2.12.  CmpA is undetectable in cells that progress through sporulation.  CmpA-
GFP localization in cells harboring either wild type VM (A, strain SE381) or VMI15A (B, strain 
SE374) 3.5 hours after the induction of sporulation, when expression of cmpA-gfp was induced 
by addition of 1 mM IPTG at 3 hours after induction of sporulation.  Arrows indicate 
representative cells that have not elaborated a phase-bright forespore.  (C-D)  CmpA-GFP 
localization in cells harboring either wild type VM (C) or VMI15A (D) 5.5 hours after the induction 
of sporulation.  Arrowheads indicate representative cells that have elaborated a phase-bright 
forespore.  (E-H) DIC images corresponding to panels A-D.  (I-L) Overlay, GFP fluorescence 
and DIC. (M) Kinetics of sporulation, as measured by production of heat-resistant spores, of 
either wild type (●; strain PY79) or cmpA (■; strain SE178) cells induced to sporulate by 
resuspension.   
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at various time points after the induction of sporulation by resuspension in wild type cells and 
cells harboring a cmpA deletion.  At hour 26 after the induction of sporulation, both strains 
produced a similar number of heat-resistant spores (approximately 2.5 X 108 ml-1; Fig. 2.12M).  
However, examination of earlier time points revealed that at hour 5, the cmpA strain had 
produced about 4.6 X 106 heat resistant spores ml-1, whereas the wild type strain had only 
produced 3.0 X 106 spores.  This difference was more apparent by hour 7, when the cmpA 
strain had already produced 1.4 X 108 heat resistant spores, whereas wild type cells had only 
produced about 7.5 X 107 spores.  Taken together, we conclude that when the CmpA-mediated 
inhibition of sporulation is removed, cells progress more quickly through the sporulation 
program.   
The remarkable conservation of cmpA exclusively among other spore forming bacteria 
led us to wonder what selective pressure assured the maintenance of this gene and what the 
consequences of unchecked progression through sporulation could be.  Heat resistance of 
Bacillus spores correlates with cortex integrity, whereas resistance to lysozyme treatment 
correlates with coat integrity (Gould & Hitchins, 1963; Melly et al., 2002).  Thus, it is conceivable 
that deletion of cmpA, a cortex inhibitor, would result in unrestricted cortex assembly and would 
therefore not affect heat resistance.  Could unrestricted cortex assembly in the absence of 
CmpA result in coat maturation defects?  cmpA mutants were not impaired in their ability to 
correctly localize CotE-GFP to the forespore surface, nor did their mature spores display any 
obvious gross morphology defects as measured by electron microscopy (Fig. 2.13). We 
therefore sought to employ a more sensitive technique to assess coat assembly by measuring 
the ability of cmpA spores to resist lysozyme treatment, a resistance property conferred by the 
coat.  Deletion of cmpA affected the rate of sporulation as measured by heat resistance (Fig. 
2.12M), but had little or no effect on the absolute number of spores produced.  In contrast, 
cmpA spores were more than three-fold more sensitive to lysozyme treatment than wild type 
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Figure 2.13. Deletion of cmpA does not result in obvious coat morphology defects. 
Localization of CotE-GFP in wild type cells (A, strain CW271) or cmpA deletion mutant (B, 
strain SE224.  Overlay of GFP fluorescence in panels A-B and membranes visualized with the 
fluorescent dye FM4-64 (added after the cells were harvested for imaging) is shown below each 
corresponding panel.  (C-D) Electron micrographs of negatively stained thin sections of released 





 cells (0.29 ± 0.21; Table 2.4), suggesting that they harbored a coat maturation defect that was 
undetectable by examining the localization of early coat proteins by fluorescence microscopy.  
 
Table 2.4. Sporulation efficiencies of strains harboring various VM alleles in the presence or 
absence of cmpA (measured by lysozyme resistance). Standard deviation from mean is reported 
in parentheses (n≥3). 
VM 
cmpAWT ∆cmpA 
Straina Sporulation Efficiency Strain Sporulation Efficiency 
WT A 1 D 0.29 (0.21) 
∆ B < 1 x 10-8  - ND 
I15A C 1.9 x 10-8 (1.7 x 10-8) E 0.21 (0.17) 





Spores of B. subtilis are encased in two concentric shells: an outer proteinaceous “coat” 
and an inner “cortex” made of peptidoglycan.  Assembly of the cortex is dependent on the 
successful initiation of coat assembly and therefore the morphogenesis of both structures must 
be carefully coordinated during sporulation.  Significant progress has been made in 
understanding how coat assembly initiates and continues self-assembling, how the synthesis of 
peptidoglycan precursors that comprise the cortex is regulated, and how these precursors are 
incorporated into the assembling cortex.  However, despite the identification of factors that are 
required for the assembly of both structures, the mechanisms that mediate communication 
between the coat and cortex during spore morphogenesis are largely unknown.  Here, we 
describe a pathway whereby two small proteins [“sproteins” (Hobbs et al., 2011)] produced in 
the mother cell, the 26 amino acid-long VM that initiates coat assembly, and a newly discovered 
37 amino acid-long protein which we have named CmpA that seems to repress cortex 
assembly, ensure that the morphogenesis of both cellular structures is temporally coordinated. 
Our model that CmpA is a repressor of cortex assembly is based on three observations.  
First, deletion of the cmpA gene suppressed the cortex assembly defect in cells harboring the 
VMI15A allele of spoVM, which were otherwise arrested at a stage of sporulation immediately 
preceding cortex assembly.  Cells in which cmpA was deleted produced heat resistant spores 
more quickly than wild type cells, but were sensitive to lysozyme (suggesting that the coat was 
somehow improperly assembled).  We interpret these results to mean that unchecked cortex 
assembly results in coat assembly defects.  Second, overproduction of CmpA before the onset 
of sporulation caused a three to eight-fold decrease in the production of heat-resistant spores, 
consistent with a block in cortex assembly.  Examining the kinetics of sporulation in these cells 
revealed that they were delayed in polar septation, engulfment, and the production of phase 
bright spores, steps which either require peptidoglycan synthesis or are coincident with cortex 
assembly (Henriques & Moran, 2007; Meyer et al., 2010).  Furthermore, electron microscopy 
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revealed that overproduction of CmpA abrogated cortex assembly.  Third, in wild type cells 
CmpA-GFP was detectable during stages of sporulation preceding the elaboration of phase-
bright spores, but was undetectable after phase-bright spores were evident.  In contrast, in cells 
harboring VMI15A, which were arrested at a stage immediately preceding cortex assembly, 
CmpA-GFP remained localized around the forespore despite becoming phase bright.   
Taken together, our results suggest a “checkpoint” model whereby VM and CmpA 
orchestrate coat and cortex assembly (Fig. 2.14).  We propose that, as engulfment proceeds, 
VM is synthesized in the mother cell, localizes to the surface of the developing forespore, and 
anchors IVA, an ATPase that polymerizes to form the basement layer of the coat.  CmpA, which 
is produced in the mother cell under the control of the same sigma factor that governs 
expression of VM and IVA (albeit at much lower levels), also localizes to the forespore surface, 
uniformly surrounds it, and represses the initiation of cortex assembly.  It is important to note 
that transcription of the cmpA gene is additionally regulated by SpoIIID, which would likely delay 
synthesis of CmpA until the completion of engulfment and after coat assembly had commenced, 
since, as we observed (Fig. 2.9), premature synthesis of CmpA delayed the onset of 
engulfment.  Conversely, in the absence of CmpA, the production of heat-resistant spores 
proceeds more quickly.  As a consequence, coat assembly exhibited subtle defects, suggesting 
that carefully orchestrating the assembly of the cortex is required for proper coat assembly. The 
precise mechanism by which CmpA localizes is unknown, but its uniform localization pattern 
depends directly or indirectly on the presence of VM.  Successful formation of the basement 
layer of the coat (which comprises localization of VM, recruitment of IVA, and subsequent 
polymerization of IVA), then triggers the inactivation of CmpA repression by the eventual 
removal of CmpA.  Since transcription of the cmpA gene was driven by an inducible promoter in 
the experiments presented here, our preliminary evidence suggests that the inactivation of 
CmpA is a post-transcriptional event, perhaps repression of cmpA mRNA translation and/or 
proteolysis of CmpA protein (Fig. 2.12).  
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Figure 2.14. CmpA is a checkpoint that orchestrates coat and cortex morphogenesis.  A 
sporulating B. subtilis cell is depicted (below) in which membranes are yellow and peptidoglycan 
is gray.  Top: magnification of the outer and inner forespore membranes and cortex (gray 
mesh), in which VM (red) has inserted into the phospholipid bilayer.  CmpA (blue) localizes to 
the surface of the forespore and participates in the inhibition of cortex assembly.  Recruitment of 
IVA (green) and successful initiation of assembly of the basement layer of the coat results in 




The model immediately raises two outstanding questions that remain to be answered.  
First, what downstream targets are directly or indirectly inhibited by CmpA?  Deletion of three 
other sporulation genes, spoVB, spoVD, or spoVE results in a phenotype similar to that caused 
by the VMI15A allele, in which coat assembly proceeds normally, but cortex assembly is blocked.  
SpoVB is a putative lipid II flippase that has been proposed to transport peptidoglycan 
precursors synthesized in the mother cell into the intermembrane space between the double 
membranes surrounding the forespore to be incorporated into the assembling cortex (Popham & 
Stragier, 1991). SpoVD is a membrane-bound class B penicillin binding protein that is required 
for cortex peptidoglycan synthesis (Daniel, Drake, Buchanan, Scholle, & Errington, 1994; Fay, 
Meyer, & Dworkin, 2010).  Its activity was recently shown to be controlled by a thioredoxin-like 
protein called StoA (Y. Liu, Carlsson Moller, Petersen, Soderberg, & Hederstedt, 2010), which is 
also required for efficient cortex assembly (Erlendsson, Moller, & Hederstedt, 2004).  SpoVE is 
an integral membrane protein that is also required for cortex peptidoglycan synthesis and 
belongs to the “SEDS” family of proteins that have been implicated in bacterial shape 
determination (Fay et al., 2010; Real et al., 2008).  Recently, Mohammadi et al. demonstrated 
that at least one SEDS family member, E. coli FtsW, displays lipid II flippase activity in vitro 
(Mohammadi et al., 2011). All three proteins therefore represent excellent candidate targets for 
direct or indirect inhibition by CmpA.  The observation that induced, premature expression of 
cmpA was not toxic to vegetative cells, but delayed several sporulation-specific steps that are 
thought to require peptidoglycan synthesis (polar septation, engulfment, and cortex 
morphogenesis) suggests that the target of CmpA inhibition may be a sporulation-specific 
factor. 
Second, what signals the relief of CmpA inhibition of cortex assembly?  The presence of 
an inhibitory element that prevents progression through a developmental program is reminiscent 
of cell cycle checkpoint proteins, defined as extrinsic control elements in which loss-of-function 
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mutations may be isolated that allow a “relief of dependence” on that factor (Hartwell & Weinert, 
1989), and indeed, deletion of cmpA not only permits the progression of sporulation, but even 
permits it to proceed faster.  In one well-studied example, the eukaryotic spindle assembly 
checkpoint  in which exit from metaphase does not occur until chromosome segregation 
proceeds correctly, entry into anaphase is restricted by the checkpoint if sister kinetochores 
attached to the mitotic spindle fail to exhibit physical tension (indicating that they are being 
pulled in opposite directions (Musacchio & Salmon, 2007).  The checkpoint is relieved only after 
sister chromatid cohesion is lost.  During sporulation, successful initiation of cortex assembly 
appears to rely not only on proper localization of VM and subsequent recruitment of IVA, but 
also an additional event that is mediated by the VM Ile15 residue.  Perhaps a physical event that 
conveys the completion of the basement layer of the coat such as polymerization of IVA is 
monitored by the checkpoint to allow progression through the sporulation program.   
The discovery of such a small, previously un-annotated, ORF that plays a critical role 
during a developmental program highlights the importance of sproteins (gene products that 
arise from ORFs containing fewer than 50 codons) in biology (Hobbs et al., 2011).  Indeed, it is 
worth noting that VM, despite its diminutive size, plays at least four separate roles during 
sporulation.  First, VM recognizes membrane curvature  and, along with IVA, marks this patch of 
forespore membrane as the site for coat assembly (Ramamurthi et al., 2009).  Second, VM 
anchors IVA (and by extension, the entire assembling coat) to the surface of the forespore 
(Ramamurthi et al., 2006).  Third, along with SpoVID, VM is required for the “encasement” step 
of the spore coat assembly around the developing forespore (Wang et al., 2009).  Finally, as we 
have described here, VM participates in a pathway that coordinates the assembly of two 
supramolecular structures that are separated by a phospholipid bilayer.  Although, as in the 
case of VM and cmpA, genes encoding such proteins were discovered using classical genetics 
due to strong deletion or suppression phenotypes, improved bioinformatics approaches may 
enable more facile discovery of previously ignored genes that affect various important cellular 
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functions.  Indeed, an important challenge for the future remains to identify, using a combination 
of methods, other factors that participate in the developmental pathway that links coat 




Strain construction and growth. Strains are otherwise congenic derivatives of B. subtilis PY79 
(Youngman, Perkins, & Losick, 1984). B. subtilis competent cells were prepared as described 
previously (Wilson & Bott, 1968). spoVMI15A at amyE was created using the Quikchange site-
directed mutagenesis kit (Agilent Technologies) using complementary primers that harbored the 
mutation flanked by 15 bases on either side and using plasmid pKC2 (Ramamurthi et al., 2006) 
as the template to create plasmid pKR59.  cmpA at thrC was created by PCR amplification of 
the cmpA ORF and 126 nucleotides immediately upstream of the ORF using primers 
“ydcJprom5’Eco” (5’ aaagaattcttttgaagctctttgttatccatg) and “ydcJprom3’Bam” (5’ 
aaaggatcctgatgtcgtatctgtcggcg), digesting the PCR product with EcoRI and BamHI, and cloning 
into the integration vector  pDG1731 (Guerout-Fleury, Frandsen, & Stragier, 1996).  PcmpA-lacZ 
at amyE was created by PCR amplifying 300 nucleotides upstream of the cmpA ORF using 
primers “ydcJ5’promEco” (5’ aaagaattcttgatgatgccaatcagttcc) and “ydcJ3’startHind” (5’ 
aaaagcttcataggctcattcctcctcag), digesting with EcoRI and HindIII, and cloning into plasmid 
pAH124 (Camp & Losick, 2009) to create pSE23.  cmpA-lacZ at amyE was created by PCR 
amplifying the cmpA ORF and upstream sequences using primers “ydcJ5’promEco” and 
“ydcJnostop3’Hind” (5’ aaaaagcttcgagcagtgttttttcctatag), and cloning into pSE23 as described 
above to create pSE27.  spoVM-lacZ at amyE was created by cloning the EcoRI/HindIII 
fragment of pKC13 (Ramamurthi et al., 2006) into pSE27 to create pSE31.  Phyperspank-cmpA-gfp 
at amyE was created by cloning cmpA and gfp into a vector and introducing a HindIII restriction 
site at the site of fusion.  cmpA-gfp was then PCR amplified from the resulting construct using 
primers “5’SalI(RBS)ydcJ” (5’ aaagtcgactaaggaggaatgagcctatgcc) and “3’GfpNheI” (5’ 
aaagctagcttatttgtatagttcatc), digested with SalI and NheI, and cloned into pDR111 (David 
Rudner). Phyperspank-cmpA at amyE was created by PCR amplifying the cmpA ORF, along with 9 
nucleotides upstream (specifying the RBS) and 24 nucleotides downstream, using primers 
“ydcJ5’RBSHind” (5’  aaaaagctttaaggaggaatgagcctatgcc) and “ydcJ3’Nhe” (5’ 
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aaagctagctctatggtaaaataaaagcactg).  The fragment was then digested with HindIII and NheI and 
cloned into pDR111.  All plasmids were integrated into the B. subtilis chromosome by double 
recombination at the specified ectopic locus.  The cmpA deletion was created using the Long 
Flanking Homology PCR (LFH-PCR) technique (Wach, 1996) using primers “ydcJ_KO_P1” (5’ 
ggacagtatcagcatgacgtcagcc) and “ydcJ_KO_P2” (5’ 
caattcgccctatagtgagtcgtgcagtgcttttattttaccatag); and  “ydcJ_KO_P3” (5’ 
ccagcttttgttccctttagtgagctgctttttaagccaatttggc) and “ydcJ_KO_750P4” (5’ 
gcgcgtccattccgccacgaccgcgtgatc).  Underlined sequences correspond to DNA sequence in 
plasmid pAH52 (Ferguson, Camp, & Losick, 2007) used as a template to amplify the 
erythromycin antibiotic resistance cassette.  spoVM-gfp, gfp-spoIVA (Ramamurthi et al., 2006), 
and cotE-gfp (Webb et al., 1995) fusions, and the spo0A, sigE, sigG, sigK, and spoIIID deletions 
(Chu et al., 2008; Eichenberger et al., 2004; Kenney & Moran, 1987; Kunkel, Kroos, Poth, 
Youngman, & Losick, 1989) were described previously.    
General methods. β-galactosidase activity was measured as previously described (W.L. 
Nicholson & P. Setlow, 1990).  Sporulation efficiency was measured by inducing sporulation by 
nutrient depletion in Difco sporulation medium (DSM) for at least 24 hours at 37°C.  The number 
of colony forming units that survived heat treatment (80°C for 20 min) or lysozyme treatment 
(250 g ml-1 for 10 min at 37°C) was determined and reported relative to the CFU obtained in a 
parallel culture of the wild type PY79 strain.  For cmpA overexpression experiments, cells were 
induced to sporulate by resuspension in SM medium (Sterlini & Mandelstam, 1969) containing 1 
mM IPTG at the time of resuspension as described below.  For microscopy, cells from the IPTG-
induced and uninduced cultures were removed at various time points and imaged as described 
below. 
Fluorescence microscopy.  Overnight cultures grown at 22°C in CH medium (Sterlini & 
Mandelstam, 1969) were diluted 1:20 into fresh CH medium and grown for approximately 2.5 
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hours at 37°C.  Cells were induced to sporulate by resuspension in SM medium. If necessary, 
IPTG was added (1 mM final concentration) to induce expression of cmpA-gfp three hours after 
resuspension (after most cells had completed engulfment).  Cells were harvested, resuspended 
in PBS containing 1 g ml-1 of the fluorescent dye FM4-64 or 46 g ml-1 TMA-DPH to visualize 
membranes, and placed on a glass bottom culture dish (Mattek Corp.).  A 1% agarose pad 
made with distilled water was cut to size and placed on top of the cell suspension.  Cells were 
viewed with a DeltaVision Core microscope system (Applied Precision) equipped with an 
environmental control chamber.  Images were captured with a Photometrics CoolSnap HQ2 
camera.  Seventeen planes were acquired every 0.2 m at 22°C and the data were 
deconvolved using SoftWorx software. 
Electron microscopy.  For the images in Fig. 2.1, cells were induced to sporulate by 
resuspension in SM medium as described above and were harvested 5 hours after induction of 
sporulation.  For the images in Fig. 2.9G, cells were induced to sporulate by nutrient depletion in 
DSM for 24 hours.  Three ml of the culture was harvested, resuspended in three ml PBS and 
fixed using 4% formaldehyde, 2% glutaraldehyde (final concentration) for at least 2 hours at 
room temperature.  Fixed cells were collected by centrifugation and processed for thin-
sectioned TEM analysis.  Briefly, the cell pellet was post-fixed in 1% Osmium tetroxide in 0.1M 
Cacodylate buffer for one hour at room temperature, en bloc stained with 0.5% uranyl acetate in 
0.1M acetate buffer for one hour, then dehydrated sequentially in 35%, 50%, 75%, 95%, and 
100% ethanol followed by 100% propylene oxide.  Cells were infiltrated in an equal volume of 
100% propylene oxide and epoxy resin overnight and embedded in pure resin the following day.  
The epoxy resin was cured at 55oC for 48hrs.  The cured block was thin-sectioned and stained 
in uranyl acetate and lead citrate.  The sample was imaged with a Hitachi H7600 TEM equipped 
with a CCD camera. 
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Isolation of spontaneous suppressors.  Spontaneous suppressor mutations of spoVMI15A were 
isolated as described previously (Ramamurthi et al., 2006).  Briefly, strain KR322, harboring 
spoVMI15A as the only copy of spoVM, was grown in 100 ml of DSM supplemented with 
5 μg ml−1 chloramphenicol (Cm) for 24 h at 37°C in order to accumulate spontaneous mutations 
and sporulate.  40 ml of this culture was removed and incubated at 80°C for 20 min in order to 
kill any cells that had not completed sporulation successfully.  33 ml of the heat-killed culture 
was then diluted into 300 ml of fresh DSM/Cm and allowed to sporulate for 24 h as above. The 
procedure was repeated two more times and candidate survivors from each round were 
collected for further characterization.  The suppressor mutation was mapped by generating a 
mini Tn-10 transposon library (Steinmetz & Richter, 1994) using strain KRC56 and isolating a 
clone in which  suppression of the VMI15A sporulation defect was genetically linked (by 
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Maintaining the fidelity of developmental programs is essential for ensuring the correct 
morphology of an organism. As such, key factors that determine morphogenesis are often 
subject to multiple layers of regulation (Deves & Bourrat, 2012). The alternative developmental 
pathway of bacterial endospore formation (“sporulation”) provides a relatively simple and 
genetically tractable system to study cellular morphogenesis and the mechanisms that maintain 
the robustness of a differentiation program (Errington, 2003; Higgins & Dworkin, 2012; Stragier 
& Losick, 1996; Tan & Ramamurthi, 2014). In nutrient-rich conditions, the bacterium Bacillus 
subtilis divides symmetrically to yield two genetically and morphologically identical daughter 
cells. However, upon nutrient deprivation, the bacterium initiates the sporulation pathway by first 
dividing asymmetrically, resulting in two genetically identical, but morphologically distinct 
daughter cells (the larger “mother cell” and the smaller “forespore”) that will undergo different 
cell fates (Fig. 3.1A). Next, the mother cell engulfs the forespore and as a result, the forespore 
resides as a double membrane-bound cell within the mother cell. The forespore is then encased 
by the spore envelope which contains two concentric shells, whose assemblies are largely 
mediated by the mother cell (Henriques & Moran, 2007).  The inner shell, the cortex, is 
assembled between the two membranes surrounding the forespore and is composed of a 
specialized peptidoglycan that eventually protects the spore from wet heat and helps maintain 
the dehydrated state of the spore core (Leggett et al., 2012; Popham, Helin, Costello, & Setlow, 
1996a). The outer shell, the coat, is composed of ~70 different proteins produced in the mother 
cell and is responsible for protecting the spore from chemical and enzymatic assaults (Driks, 
2002; Klobutcher et al., 2006; McKenney et al., 2013; P. Setlow, 2006). Ultimately, the mother 
cell lyses, thereby releasing the mature spore into the environment. 
Assembly of the coat begins with the localization of a small 26-amino acid protein, 
SpoVM (Levin et al., 1993), which recognizes the outer forespore membrane by preferentially 
adsorbing onto the forespore’s positively curved membrane surface (Ramamurthi et al., 2009).  
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Figure 3.1. Overexpression of cmpA causes defects in cortex maintenance. (A) Schematic 
of sporulation in Bacillus subtilis. Asymmetric division (top) results in the formation of the larger 
mother cell (MC) and smaller forespore (FS) compartments, which are genetically identical. 
Next, the mother cell engulfs the forespore (middle). Ultimately, the forespore resides in the 
mother cell cytosol (bottom). The forespore is encased in two concentric shells: the 
proteinaceous coat (Ct, dark gray), and the cortex (Cx, light gray), made of a specialized 
peptidoglycan. Membranes are depicted in black; cell wall material is depicted in light gray. (B-
E) Time-lapse microscopy of sporulating wild type (B; strain PY79) and cmpA overexpressing 
(C-E; IT478) cells. Time after induction of sporulation is indicated above. Fate of phase bright 
forespores in wild type (B) and cmpA overexpressing (C) cells. Fate of (D) phase gray 
forespores in cmpA overexpressing cells while still in the mother cell, or phase gray spores (E) 
after release into the medium. Arrowheads indicate phase gray forespore or released spore. (F-
G) Accumulation of cortex peptidoglycan (F) and dipicolinic acid (DPA) (G) during sporulation in 
wild type (; PY79) and cmpA overexpressing (; IT478) cells. Symbols represent mean 
values obtained from three independent measurements; error bars represent standard error of 






SpoVM recruits the morphogenetic protein SpoIVA (Price & Losick, 1999; Ramamurthi et 
al., 2006; Roels et al., 1992) which polymerizes irreversibly in an ATP-dependent manner 
around the forespore surface (Castaing et al., 2014; Castaing et al., 2013; Ramamurthi & 
Losick, 2008). Deletion of either spoVM or spoIVA results in a mis-assembled coat that is not 
anchored to the forespore surface (Levin et al., 1993; Roels et al., 1992). Thus, SpoVM and 
SpoIVA are required for proper assembly of the basement layer, atop which other coat proteins 
are deposited (McKenney et al., 2010). Interestingly, deletion of spoVM or spoIVA, but not other 
major coat proteins, also abolishes the assembly of the spatially separated cortex (Levin et al., 
1993; Roels et al., 1992) suggesting that SpoVM and SpoIVA play unique roles in coordinating 
the assembly of both the coat and the cortex. 
Previously, we identified a small (37 codon) unannotated open reading frame in B. 
subtilis (which we termed “cmpA”), whose deletion suppressed the sporulation defect imposed 
by a mutant allele of spoVM that permitted initiation of coat assembly, but abrogated cortex 
assembly (Ebmeier et al., 2012). We found that CmpA is produced in the mother cell during 
sporulation and that overexpression of cmpA reduced sporulation efficiency in otherwise wild 
type cells (Ebmeier et al., 2012). We proposed that CmpA may participate with SpoVM and 
SpoIVA in coordinating the orchestration of spore envelope assembly by inhibiting cortex 
assembly until coat assembly occurred, but the mechanism remained unclear. Here, we report 
that CmpA ensures proper spore envelope assembly by participating in a sporulation quality 
control pathway that selectively removes defective sporulating cells through regulated cell 
death, to ultimately preserve the integrity of the sporulation program in the population. Using 
classical genetics we identified the AAA+ protease ClpXP (T. A. Baker & Sauer, 2012; 
Gottesman, 1996) as an additional participant in this pathway and propose that CmpA is an 
adaptor (Zhou, Gottesman, Hoskins, Maurizi, & Wickner, 2001) that delivers the coat protein 
SpoIVA for degradation by ClpXP specifically in those cells in which the spore envelope has 
mis-assembled. Accordingly, we found that amino acid substitutions in CmpA, SpoIVA, or ClpX 
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that disrupted complex formation led to restoration of SpoIVA stability in cells that had mis-
assembled the spore envelope. Additionally, we found that deletion of cmpA permitted the 
completion of the sporulation program by cells harboring mutant alleles of spoVM and spoIVA, 
resulting in the formation of viable, but less robust spores.  We propose that the persistence of 
CmpA in cells harboring a spore envelope defect, mediated by the late-acting sporulation 
transcription factor σK, acts as a switch that promotes the degradation of the spore envelope 
morphogenetic protein SpoIVA, which destabilizes the forespore and leads to cell lysis, thereby 




cmpA overexpression causes spore maturation defects 
Overexpression of cmpA diminished the production of heat resistance of spores, which 
we interpreted as a defect in cortex assembly (Ebmeier et al., 2012), however the mechanism of 
cortex assembly inhibition remained unclear. To better understand CmpA’s role in cortex 
assembly we performed single-cell time lapse microscopy of wild type and cmpA-
overexpressing cells and monitored the fate of forespores that had achieved the phase bright 
state, an indicator of the spore core’s dehydration (Imae & Strominger, 1976b). In both wild type 
cells and cmpA-overexpressing cells, forespores were able to progress to the phase bright 
state. However, while 74% (n=498) of wild type phase bright forespores were ultimately 
released into the extracellular milieu upon lysis of the mother cell (Fig. 3.1B, arrow; (Smith & 
Foster, 1995)), in the cmpA-overexpressing cells only 15% (n=222) of phase bright forespores 
were released and the remaining 85% relapsed into a phase-gray state (Fig. 3.1C, second 
panel, arrowhead), suggesting that they were unable to maintain spore core dehydration. We 
observed two fates of these relapsed phase-gray forespores in cmpA-overexpressing cells.  
First, in sporangia harboring unreleased relapsed phase-gray forespores, both the mother cell 
and phase gray forespore lysed (Fig. 3.1E).  Second, we observed that released phase gray 
forespores would ultimately lyse (Fig. 3.1E).  Taken together, the data suggested that 
overexpression of cmpA inhibited the cell’s ability to properly maintain its dehydrated spore core 
and led to cell lysis. 
Since cell shape and osmotic stability are governed by the integrity of the cell wall (Holtje, 
1998), we next examined the effect of cmpA-overexpression on cortex peptidoglycan (PG) 
levels and composition. To monitor assembly of cortex PG, we harvested soluble cortex PG 
precursors and assembled cortex PG from wild type and cmpA-overexpressing forespores at 
various time points during sporulation. Both strains initially (~t0-t8 hours after resuspension) 
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Figure 3.2. Overexpression of cmpA has no lasting effect on soluble peptidoglycan 
precursors. Accumulation of soluble peptidoglycan precursors during sporulation in wild type 
(; PY79) and cmpA overexpressing (; IT478) cells. Symbols represent mean values 






accumulated soluble PG precursors, and depleted this pool coincident with cortex assembly 
(Fig. 3.2). During this initial period, both strains also accumulated cortex PG as sporulation  
progressed, indicating that cortex assembly was occurring despite cmpA overexpression (Fig. 
3.1F). However, whereas wild type cells subsequently maintained steady levels of assembled 
PG after t8, indicating the presence of a stable cortex, the recovered cortex PG from cmpA-
overexpressing cells decreased drastically after this time point (Fig. 3.1F), presumably due to an 
inability to harvest cells that lysed upon cmpA-overexpression (Fig. 3.1D-E). Consistent with a 
defect in cortex maintenance, we also observed that sporangia overexpressing cmpA did not 
appreciably accumulate dipicolinic acid (DPA) (Fig. 3.1G), a small molecule that displaces water 
and is required for heat resistance (Paidhungat et al., 2000; B. Setlow, Atluri, Kitchel, Koziol-
Dube, & Setlow, 2006).  Interestingly, the inability to maintain a stable cortex after apparently 
normal initial assembly and the inability to accumulate DPA of cmpA-overexpressing cells was 
reminiscent of the phenotypes associated with a spoIVA cortex-deficient point mutant (Catalano 
et al., 2001), suggesting that cmpA overexpression may be causing a loss of spoIVA’s cortex 
assembly function. 
Two mechanisms could possibly contribute to the instability of the assembled cortex PG: 
(1) mechanical instability of the cortex due to a defect in spore envelope assembly, or (2) 
premature activation of cortex lytic hydrolases responsible for ultimately degrading the cortex 
during germination. To rule out the second scenario in cmpA-overexpressing cells, we deleted 
sleB and cwlJ, which encode the two known cortex lytic hydrolases necessary for germination 
(Heffron, Orsburn, & Popham, 2009), and measured sporulation efficiency. Deletion of sleB and 
cwlJ did not suppress the sporulation defect caused by cmpA overexpression, (Table 3.1, Strain 
D) indicating that cmpA’s inhibition of cortex maturation is not due to a premature activation of 
cortex lytic enzymes.  The data suggest that cmpA-overexpression prevents the maintenance of 




Table 3.1. Effect of cortex hydrolase deletion on cmpA overexpression sporulation efficiency. 
Standard deviation from mean is reported in parentheses (n=3). “++” indicates overproduction. 
Strains CmpA cwlJ sleB Sporulation Efficiency 
A WT WT 1 
B ++ WT 5.7 x 10-3 (6.1 x 10-4) 
C WT ∆ 0.01 (0.003) 
D ++ ∆ 1.2 x 10-5 (9.5 x 10-6) 
a Strain A: PY79; B: IT504; C: IT517; D: IT575.  Genotypes are listed in Table 2.7.  
 
Identification of other factors interacting with CmpA  
To better understand the mechanism of CmpA’s inhibition of cortex stability we sought to 
identify additional factors that participate in this pathway. Since deletion of cmpA was initially 
identified as an extragenic suppressor of cells harboring the cortex-deficient spoVMI15A mutation 
(Ebmeier et al., 2012) we selected for additional spontaneous suppressors that corrected the 
sporulation defect imposed by spoVMI15A. To prevent isolation of more mutations in cmpA, we 
performed the selection in a strain harboring two copies of cmpA.  From this selection we 
isolated two suppressors that mapped to spoIVA (Table 3.2, Strain C and D). The first 
suppressor changed Glu423 to Gly, and the second changed the adjacent Leu424 to Phe. The 
proximity of these two suppressors indicated that this region of SpoIVA may be important for 
interacting with CmpA or SpoVM and supported our model that SpoVM, SpoIVA and CmpA 
participate together to orchestrate coat and cortex assembly.  
We previously reported that proper CmpA-GFP localization is directly or indirectly 
dependent on spoVM ((Ebmeier et al., 2012); Fig.3.3B); however, the modest mislocalization 
phenotype, together with the isolation of suppressor mutations in spoIVA, suggested that 
SpoIVA may also be interacting with CmpA. Accordingly, in the absence of SpoIVA, we found 
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that CmpA-GFP was principally mislocalized in the mother cell cytosol (Fig.3.3C). The deletion 
of both spoVM and spoIVA resulted in a similar mislocalization phenotype as the spoIVA 
deletion alone (Fig.3.3D), suggesting that SpoIVA is likely the major localization determinant for 
CmpA.  
 
Table 3.2. Sporulation efficiencies of additional spoVMI15A suppressors. Standard deviation from 
mean is reported in parentheses (n=3). 
 
Straina spoVM Suppressor Sporulation Efficiency 
A WT - 1 
B spoVMI15A - 5 x 10-6  (1.7 x 10-6) 
C spoVMI15A spoIVAE423G 0.49 (0.16) 
D spoVMI15A spoIVAL424F 0.22 (0.11) 
a Strain A: PY79; B: KR322; C: SE249; D: IT89; Genotypes are listed in Table S7.  
 
Next, we exploited the heat sensitivity caused by cmpA overexpression ((Ebmeier et al., 
2012); Table 3.3, Strain F) to select for spontaneous suppressors that would correct this 
phenotype. This selection yielded three suppressors that mapped to the clpX locus, which 
encodes for the ATPase subunit of the ClpXP protease ((Gottesman, Clark, de Crecy-Lagard, & 
Maurizi, 1993; Wojtkowiak, Georgopoulos, & Zylicz, 1993); Table 3.3, Strain G, H, I).  All three 
suppressors (D21Y, I34M, and E44G) resulted in  
amino acid changes in the N-terminus of ClpX, which is implicated in substrate binding (Wojtyra, 
Thibault, Tuite, & Houry, 2003). A fourth suppressor mapped to clpP, which encodes the 
proteolytic subunit of ClpXP (Table S3, Strain J). This mutation (D187N) was located near the 
hydrophobic pocket off ClpP that has been proposed to interact with the “IGF loop” of ClpX (Y. I. 




Table 3.3. Sporulation efficiencies of B. subtilis strains overproducing CmpA and harboring 
various alleles of clpX and clpP.  Standard deviation from mean is reported in parentheses 
(n=3). “++” indicates overproduction. 
Straina CmpA Suppressor Sporulation Efficiency 
E WT - 1 
F ++ - 0.006 (0.004) 
G ++ clpXD21Y 0.39 (0.28) 
H ++ clpXI34M 0.62 (0.33) 
I ++ clpXE44G 0.62 (0.31) 
J ++ clpPD187N 0.35 (0.14) 
a Strain E: PY79; F: IT504; G: IT525; H: IT367; I: IT342; J: IT531.  Genotypes are listed in Table 
3.7.   
 ClpX is required for entry into sporulation ((J. Liu, Cosby, & Zuber, 1999); Table 3.4, 
strain L), and overproduction of ClpX resulted in only a mild sporulation defect (Table 3.4, strain 
O). However, co-overproduction of ClpX and CmpA resulted in a 2 × 105-fold defect in 
sporulation efficiency relative to wild type (Table 3.4, strain P), which was worse than the ~300-
fold defect caused by overproduction of CmpA alone (Table 3.4, strain O), indicating that co-
overproduction of CmpA and ClpX exhibits a synergistic inhibition of sporulation. To test if the 
suppression by the N-terminal ClpX mutations were due to a loss-of-function of the N-terminus, 
we deleted the N-terminus of ClpX and determined whether it was sufficient to suppress the 
defect caused by CmpA overproduction. Cells overproducing ClpX1-53 (the endogenous copy of 
clpX was present in this strain to ensure entry into sporulation) and CmpA sporulated at near 
wild type levels despite overproduction of CmpA (Table 3.4, strain Q), suggesting that the 
isolated suppressor mutations likely conferred a loss of function in ClpX’s N-terminus. We 
conclude that the loss of ClpX’s ability to bind a substrate is sufficient for cells to overcome the 
sporulation defect imposed by CmpA overproduction. 
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Figure 3.3. CmpA-GFP localization is dependent on spoIVA. (A-D) Localization of CmpA-
GFP in wild type (A; SE364), ∆spoVM (B; IT86), ∆spoIVA (C; IT114) and ∆spoVM ∆spoIVA (D; 





In addition to being the ATPase subunit of ClpXP protease, ClpX may also function 
alone as a folding chaperone for particular substrates (Schirmer, Glover, Singer, & Lindquist, 
1996). The additional ClpPD187N suppressor suggested it was a loss of ClpXP function that 
suppressed CmpA overproduction, but to specifically test this we constructed a ClpXF270W 
variant harboring a substitution in the IGF loop that diminishes ClpX interaction with ClpP (Y. I. 
Kim et al., 2001).  Similar to the ClpX1-53 N-terminal truncation variant, co-overproduction of 
ClpXF270W with CmpA restored sporulation efficiency to near wild type levels (Table 3.4, strain 
R), suggesting that abrogating the interaction between ClpX and ClpP corrects the CmpA 
overproduction defect.  Taken together, the genetic data are consistent with a model in which 
binding and degradation of one or more substrates by ClpXP is responsible for the sporulation 
defect imposed by CmpA overproduction.   
 
Table 3.4. Sporulation efficiencies of CmpA-overproducing B. subtilis strains harboring various 
alleles of clpX. 
Straina amyE clpX thrC IPTG Sporulation 
Efficiency 
K - - - - 1 
L - ∆ - - 0.006 
M PIPTG-cmpA - - + 0.003 
N PIPTG-cmpA ∆ - + 0.009 
O - - PIPTG-clpX + 0.25 
P  PIPTG-cmpA - PIPTG-clpX + 4.8 x 10
-5 
Q PIPTG-cmpA - PIPTG-clpX
∆1-53 + 0.68 
R PIPTG-cmpA - PIPTG-clpX
F270W + 0.38 
a Strain K: PY79; L: IT482; M: SE191; N: IT483; O: IT479; P: IT545; Q: IT571 R: IT616. 





CmpA is a ClpXP adaptor for binding SpoIVA 
Since CmpA overproduction inhibited cortex maturation and ClpX acted synergistically 
with CmpA to inhibit sporulation (Table 3.4, Strain P), we hypothesized that CmpA may be an 
adaptor protein that delivers a protein required for cortex maturation to ClpXP for degradation. 
To isolate a non-functional CmpA variant for use as a negative control to test this hypothesis, 
we first performed alanine scanning mutagenesis of the 37 codon cmpA open reading frame.  
We then characterized the resulting mutants by monitoring the localization of each variant fused 
to GFP (Fig. 3.4) and assessed each variant’s function by measuring their ability to suppress 
the spoVMI15A sporulation defect (Table 3.5).  In the presence of cmpAP2A, cells harboring 
spoVMI15A sporulated at near wild type levels (Table 3.5, strain IT139), similar to cells harboring 
a deletion of cmpA, suggesting that substitution of Pro2 with Ala completely abolished CmpA 
function.  Nonetheless, CmpAP2A-GFP localized to the surface of the forespore (Fig. 3.4), 
indicating that its localization was not impaired.   
To test if CmpA and ClpX interact we produced a ClpX construct harboring a C-terminal 
His6 tag. To promote stabilization of the hexameric form of ClpX that would bind adaptors and 
substrates, but would be unable to degrade bound substrates, we introduced a substitution 
(E182A) in ClpX’s Walker B motif that disrupts ATP hydrolysis, but not ATP binding (T. A. Baker 
& Sauer, 2012). We then overproduced ClpXE182A-His6 (hereafter, simply ClpX-His6) from a 
chromosomal locus in B. subtilis cells that also produced low levels of wild type ClpX to enable 
entry into sporulation. We then purified ClpX-His6 from either vegetative or sporulating cells that 
also produced CmpA-GFP or CmpAP2A-GFP (Fig. 3.5). In vegetative cells, in the absence of  
 other sporulation factors, CmpA-GFP, but not CmpAP2A-GFP, co-purified with ClpX-His6 (Fig. 
3.5A), suggesting that the loss-of-function of CmpAP2A in vivo is due to its inability to interact 
with ClpX. To test if the I34M substitution in ClpX, which the genetic analysis suggested caused 
some loss in ClpX function, affected CmpA binding, we purified ClpXI134M-His6 (also harboring a 
Walker B disruption) from vegetative cells that produced CmpA-GFP.  Whereas ClpX-His6 co- 
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Table 3.5. Mean sporulation efficiencies of strains harboring VMI15A and various alleles of cmpA 
(measured by heat resistance). amyE and thrC are ectopic loci that alleles of spoVM and cmpA 
were complemented at. Standard deviation from mean (n≥3) is reported in parentheses.  
Genotypes are listed in Table S7.  
Strain spoVM cmpA amyE thrC Sporulation Efficiency 
(relative to PY79) 
PY79 WT WT -- -- 1 
KR322 ∆ WT spoVMI15A -- 1.2 x 10-6 
SE181 ∆ ∆ spoVMI15A -- .15 
IT139 ∆ ∆ spoVMI15A cmpAP2A .18 (.071) 
CW13 ∆ ∆ spoVMI15A cmpAN3A 3.9 x 10-3 (3.4 x 10-3) 
IT141 ∆ ∆ spoVMI15A cmpAW4A .24 (.13) 
IT165 ∆ ∆ spoVMI15A cmpAL5A .12 (.050) 
CW16 ∆ ∆ spoVMI15A cmpAK6A 8.9 x 10-4 (9.6 x 10-4) 
CW31 ∆ ∆ spoVMI15A cmpAK7A 5.7 x 10-3 (2.3 x 10-3) 
CW139 ∆ ∆ spoVMI15A cmpAQ8A .019 (.011) 
CW28 ∆ ∆ spoVMI15A cmpAM9A .12 (.071) 
CW34 ∆ ∆ spoVMI15A cmpAQ10A .13 (.090) 
CW37 ∆ ∆ spoVMI15A cmpAK11A .027 (.023) 
CW53 ∆ ∆ spoVMI15A cmpAF13A .33 (.16) 
CW56 ∆ ∆ spoVMI15A cmpAL14A 2.7 x 10-4 (1.0 x 10-4) 
CW163 ∆ ∆ spoVMI15A cmpAE15A 3.7 x 10-4 (7.8 x 10-5) 
CW125 ∆ ∆ spoVMI15A cmpAK16A .038 (.019)  
CW103 ∆ ∆ spoVMI15A cmpAD17A .08 (.07) 
CW166.1 ∆ ∆ spoVMI15A cmpAN18A 1.7 x 10-6 (1.4 x 10-6) 
CW131 ∆ ∆ spoVMI15A cmpAY19A 5.7 x 10-6 (2.3 x 10-6) 
CW142 ∆ ∆ spoVMI15A cmpAQ20A 6.1 x 10-3 (7.7 x 10-3) 
IT166 ∆ ∆ spoVMI15A cmpAI21A .11 (.18) 
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IT179 ∆ ∆ spoVMI15A cmpAK22A .018 (.031) 
IT168 ∆ ∆ spoVMI15A cmpAL23A .045 (.75) 
IT147 ∆ ∆ spoVMI15A cmpAL24A .16 (.13) 
IT169 ∆ ∆ spoVMI15A cmpAN25A .049 (.036) 
CW128 ∆ ∆ spoVMI15A cmpAQ26A 2.2 x 10-4 (3.1 x 10-4) 
CW169.1 ∆ ∆ spoVMI15A cmpAC27A 8.4 x 10-6 (3.1 x 10-6) 
CW172 ∆ ∆ spoVMI15A cmpAW28A .093 (.049) 
CW79 ∆ ∆ spoVMI15A cmpAY29A 1.6 x 10-3 (1.4 x 10-3) 
CW82 ∆ ∆ spoVMI15A cmpAF30A 5.9 x 10-6 (5.5 x 10-6) 
CW107 ∆ ∆ spoVMI15A cmpAY31A .09 (.01) 
CW145 ∆ ∆ spoVMI15A cmpAR32A 3.7 x 10-3 (1.6 x 10-3) 
CW148 ∆ ∆ spoVMI15A cmpAK33A 4.6 x 10-3 (1.7 x 10-3) 
CW151 ∆ ∆ spoVMI15A cmpAK34A .031 (.015) 
CW175 ∆ ∆ spoVMI15A cmpAH35A 1.8 x 10-3 (6.8 x 10-4) 
CW182 ∆ ∆ spoVMI15A cmpAC36A 2.3 x 10-4 (1.4 x 10-4) 
CW185 ∆ ∆ spoVMI15A cmpAS37A 1.5 x 10-3 (7.2 x 10-4) 
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Figure 3.4. Localization and persistence of CmpA-GFP mutants. 
(A, C, E, G) Localization of CmpA-GFP or indicated CmpA-GFP variants 3.5 h after induction of 
sporulation. Top row: GFP fluorescence; bottom row: overlay, GFP and DIC.(B, D, F, H) 
Localization of CmpA-GFP or indicated CmpA-GFP variants after induction of sporulation. Top 










Figure 3.5. ClpX, CmpA and SpoIVA form a complex. (A-B) Extracts of vegetative B. subtilis 
producing CmpA-GFP and ClpX-His6 (A; IT735) or ClpX
I34M-His6 (B; T751) were applied to a 
Ni2+-agarose affinity column and eluted. The presence of ClpX and CmpA-GFP in the total (T), 
unbound (UB), wash (W), or eluate (E) fractions was monitored by immunoblotting. (C-F) 
Extracts of sporulating B. subtilis producing CmpAP2A-GFP and ClpX-His6 (C; IT760); ClpX
I34M-
His6 and CmpA-GFP (D; IT751); ClpX-His6, CmpA-GFP, and SpoIVA
L424F (E; IT818); or CmpA-
GFP-His6 (F; IT784) were applied to a Ni
2+-agarose affinity chromatography and eluted. The 
presence of ClpX, CmpA-GFP, and SpoIVA were monitored in each fraction by immunoblotting. 
(G) Schematic summarizing the interactions between variants of ClpX, CmpA, and SpoIVA 






purified with CmpA-GFP, the amount of CmpA-GFP that co-purified with ClpXI34M-His6 was 
diminished (Fig. 3.5B). Together, the data indicated that ClpX and CmpA interact, and that 
disruption of Pro2 of CmpA or Ile34 of ClpX results in a loss of function in vivo and in vitro.   
Since our genetic analysis identified mutations in spoIVA (E423G and L424F; Table 3.2) 
that suppressed the spoVMI15A defect and CmpA-GFP localization was dependent on SpoIVA 
(Fig. 3.3), we wondered if SpoIVA would bind to ClpX and CmpA.  In sporulating cells, SpoIVA 
co-purified with ClpX-His6, along with CmpA-GFP (Fig. 3.5C).  However, in the presence of 
CmpAP2A-GFP, SpoIVA was not detected in the eluate (Fig. 3.5C), suggesting that SpoIVA 
binding to ClpX requires CmpA.  Additionally, in sporulating cells, while SpoIVA co-purified with 
ClpX-His6, SpoIVA did not co-purify with ClpX
I134M-His6 even in the presence of wild type CmpA-
GFP (Fig. 3.5D).  Further, whereas wild type SpoIVA co-purified with ClpX-His6 and CmpA-GFP, 
the suppressor variant SpoIVAL424F did not (Fig. 3.5E). Consistent with the results from the co-
purification performed in vegetative cells (Fig. 3.5A), CmpA-GFP continued to co-purify with 
ClpX-His6 even in the presence of SpoIVA
L424F, suggesting that SpoIVA is not required for 
CmpA interaction with ClpX. Finally, to test if all three proteins exist in a single complex, we 
repeated the co-purification experiment, but this time placed the affinity tag on CmpA-GFP.  In 
sporulating cells producing low levels of wild type ClpX (to allow entry into sporulation) and 
overproducing ClpXE182A, purification of CmpA-GFP-His6, but not CmpA
P2A-GFP-His6, led to the 
co-purification of ClpX and SpoIVA (Fig. 3.5F). Taken together, we conclude that ClpX, CmpA, 
and SpoIVA exist in complex with one another, SpoIVA is not required for ClpX-CmpA complex 
formation, and disruption of Pro2 in CmpA, the N-terminal substrate binding domain of ClpX or 
Leu424 in SpoIVA abolishes formation of the ternary complex (Fig. 3.5G).  The data thus far are 






Spore envelope morphogenetic defects cause CmpA-driven SpoIVA degradation  
To test if SpoIVA is a substrate for degradation by ClpXP, we first examined the steady 
state levels of SpoIVA by immunoblotting cell extracts harvested from cells containing the 
spoVMI15A mutation that activates the CmpA pathway.  SpoIVA was detectable in wild type cells 
at t3.5 of sporulation, and similar levels of SpoIVA were maintained through t5.5 (Fig. 3.6A-B). 
However, in the presence of spoVMI15A, SpoIVA levels rapidly diminished by t5.5, but SpoIVA 
levels were restored to near wild type levels upon cmpA deletion, even in the presence of 
spoVMI15A (Fig. 3.6A-B). To test if the decrease in SpoIVA levels was due to degradation and 
not a difference in SpoIVA production, we inhibited translation by addition of spectinomycin and 
measured SpoIVA levels at different time points. Whereas wild type strains maintained steady 
levels of synthesized SpoIVA even 2 h after inhibition of translation, in strains expressing 
spoVMI15A SpoIVA was rapidly depleted and almost undetectable after 2 h (Fig. 3.6C-D). 
Deletion of cmpA, though, prevented degradation of SpoIVA in cells expressing spoVMI15A, 
suggesting that in cells harboring mutations causing spore envelope defects, such as 
spoVMI15A, SpoIVA is degraded in a CmpA-dependent manner. 
To determine if SpoIVA is degraded in a particular subpopulation of sporulating cells, we 
examined the localization and stability of GFP-SpoIVA in cells expressing spoVMI15A using 
fluorescence microscopy (Fig. 3.7A-K).  At t3.5 of sporulation, localization and levels of GFP-
SpoIVA were similar in otherwise wild type and spoVMI15A cells (Fig. 3.7A-B).  At t5.5, when most 
sporangia had elaborated a phase-bright forespore, wild type cells maintained similar amounts 
of GFP-SpoIVA (Fig. 3.7F, 5K). However, in the presence of spoVMI15A, sporangia that had 
elaborated a phase-bright forespore were largely devoid of GFP-SpoIVA signal (Fig. 3.7G, 
3.7K). When cmpA was deleted, though, GFP-SpoIVA levels returned to near wild type levels  
despite the presence of spoVMI15A (Fig. 3.7H, 3.7K), consistent with the observation that 
SpoIVA degradation was prevented by deletion of cmpA (Fig. 3.6C-D). We then reasoned that  
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Figure 3.6. SpoIVA is degraded in a cmpA dependent manner in the spoVMI15A mutant. 
(A) Cell extracts were prepared from sporulating cells of ∆spoIVA (KP73), or strains harboring 
wild type spoVM (KR103), spoVMII15A (KR322), or spoVMII15 ∆cmpA (SE181) at times (h) 
indicated after induction of sporulation. SpoIVA and, as a control, A were detected by 
immunoblotting. (B) Quantification of SpoIVA band intensities of each strain in (A) relative to A 
levels at each time point and represented as a fraction compared to the level at t3.5 (, 
spoVMWT; , spoVMII15A; , spoVMII15 ∆cmpA). (C) Strains KR103, KR322, and SE181 were 
induced to sporulated. At t4.5, spectinomycin (200 g ml
-1) was added to inhibit translation and 
cell extracts were prepared from aliquots taken at the times (min) indicated. SpoIVA and A 
were detected by immunoblotting. (D) Quantification of SpoIVA band intensities in (C) relative to 

A levels at each time point and represented as a fraction compared to the level at t0 after 
addition of spectinomycin (, spoVMWT; , spoVMII15A; , spoVMII15 ∆cmpA). All symbols 
represent mean values obtained from three independent measurements; error bars represent 
standard error of the mean.  
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disruption of the CmpA-ClpX-SpoIVA complex through the use of the loss-of-function clpX point 
mutants should also restore SpoIVA stability at t5.5 and found that this was indeed the case (Fig. 
3.7I-K). 
We also examined the persistence of GFP-SpoIVAL424F (Fig. 3.7L-R), with the 
expectation that this variant would display an increased resistance to degradation since it did 
not bind to ClpX (Fig. 3.5E). In wiId type cells GFP-SpoIVAL424F behaved similarly to GFP-
SpoIVA in its localization to the forespore and persistence in phase bright forespores (Fig. 3.7L, 
5R). Interestingly, in the presence of the spoVMI15A mutant and an additional copy of wild type 
spoIVA at the native locus, GFP-SpoIVAL424F was degraded (Fig. 3.7P, 3.7R), but when the 
native locus harbored spoIVAL424F instead, GFP-SpoIVAL424F was largely resistant to degradation 
(Fig. 3.7Q, 3.7R). The recessive nature of the spoIVAL424F allele may be explained by the ability 
of SpoIVA to polymerize (Ramamurthi & Losick, 2008), whereby wild type molecules of SpoIVA 
that are degraded in the presence of spoVMI15A in a CmpA-dependent manner recruit interacting 
SpoIVAL424F molecules to ClpX that would not otherwise bind to CmpA and be subject to 
degradation.  We conclude that SpoIVA is degraded in a CmpA-dependent manner in cells 
harboring a mutation (spoVMI15A) that causes improper spore envelope assembly. 
  
Additional factors under σK control are required for degradation of SpoIVA and CmpA 
 Our observation that degradation of GFP-SpoIVA only occurred in cells that had reached 
the phase bright forespore state led us to wonder whether some factor was preventing 
degradation at an earlier time point or if an additional factor (beyond CmpA and ClpXP) was 
required for SpoIVA degradation at a later time point. We therefore first determined if 
overproduction of CmpA, ClpX or both at an earlier time point was sufficient for degradation of 
SpoIVA.  We overproduced CmpA and ClpX at t3 of sporulation, added spectinomycin after 15  
min to prevent further translation, and monitored SpoIVA levels over the next 2 h. In all 
instances we saw no significant degradation of SpoIVA (Fig. 3.8) indicating that ClpX and CmpA  
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Figure 3.7. CmpA-dependent degradation of GFP-SpoIVA in sporangia harboring 
spoVMI15A that elaborate phase bright forespores. (A-J) GFP-SpoIVA in cells harboring 
spoVMWT (A and F, KR165) spoVMI15A (B and G, KRC77), spoVMI15A ∆cmpA (C and H, IT839), 
spoVMI15A clpXI34M (D and I, IT884) or spoVMI15A clpXE44G (E and J, IT883) at t3.5 (A-E) and t5.5 (F-
J) after induction of sporulation. (K) Quantification of GFP-SpoIVA fluorescence in strains shown 
in (A-J). (L-Q) GFP-SpoIVAL424F in cells harboring spoVMWT spoIVAL424F(L and O, IT869), 
spoVMI15A spoIVAWT (M and P, IT852) or spoVMI15A spoIVAL424F (N and Q, IT852) at t3.5 (L-N) 
and t5.5 (O-Q) after induction of sporulation. (R) Quantification of GFP-SpoIVA
L424F fluorescence 
in strains shown in (L-Q). All bars represent mean values of >80 phase bright forespores; error 








Figure 3.8. Overexpression of cmpA, clpX or both together are not sufficient to induce 
degradation of SpoIVA at an early time point (3.5 h after induction of sporulation). 
Immunoblot of cell lysate harvested from wild type (PY79), cmpA overexpressing (cmpA++; 
SE191), clpX overexpressing (clpX++; IT479) or cmpA and clpX overexpressing cells (cmpA++ 
clpX++; IT481). Overexpression was induced at t3 of sporulation by addition of 1 mM IPTG. 
Spectinomycin (200ug ml-1) was added at t3.5 to arrest translation and cells were harvested at 0, 




were not sufficient for SpoIVA degradation and that there are likely other factor(s) required for 
degradation. Since the appearance of phase bright spores is coincident with activation of the 
late-acting mother cell-specific sigma factor, σK, we wondered whether the additional factor(s) 
were under the control of σK and if so, we would expect GFP-SpoIVA degradation to be inhibited 
by preventing σK activation. Thus, we monitored GFP-SpoIVA levels in sporulating cells 
harboring a deletion in the spoIVCA gene, the DNA recombinase required for creating an intact 
sigK gene and producing functional σK (Kunkel, Losick, & Stragier, 1990). At an early time point, 
the absence of σK had no effect on GFP-SpoIVA stability and localization in otherwise wild type 
cells or in cells harboring spoVMI15A (Fig. 3.9A, B). However, at a later time point, the absence 
of σK prevented the degradation of GFP-SpoIVA in phase-bright forespores of the spoVMI15A 
mutant (Fig. 3.9D) suggesting that at least one additional factor produced by σK is required for 
CmpA/ClpXP-mediated degradation of SpoIVA. 
Since CmpA-GFP is also degraded specifically in wild type cells elaborating phase bright 
forespores (Ebmeier et al., 2012) we tested if the stability of CmpA-GFP was affected by the 
absence of σK in both wild type and spoVMI15A cells. We induced cmpA-gfp expression at t3 of 
sporulation, and 30 min later we observed that CmpA-GFP localized to the forespore in all the 
tested strains (Fig. 3.9E-H), similar to wild type cells. At t5.5, CmpA-GFP was no longer 
detectable in otherwise wild type cells that had elaborated a phase-bright forespore (Fig. 3.9I), 
but persisted in the spoVMI15A mutant (Fig. 3.9J), as reported previously (Ebmeier et al., 2012). 
Surprisingly, in the absence of σK, CmpA-GFP not only persisted in cells harboring spoVMI15A 
(Fig. 3.9L), but also persisted in otherwise wild type cells that had elaborated phase bright 
forespores (Fig. 3.9K), indicating that degradation of CmpA also requires a factor under the 
control of σK. Interestingly, the fluorescence intensity of CmpA-GFP in spoVMI15A cells harboring 
phase bright forespores was more intense than those not harboring phase bright forespores  
 (Fig. 3.9L), and we also observed the slightly promiscuous mis-localization of CmpA-GFP in the 
absence of σK (Fig. 3.9K, L). It is unclear if this mis-localization of CmpA-GFP is the result of  
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Figure 3.9. Additional factor(s) under σK control are required for SpoIVA and CmpA-GFP 
degradation. (A-D) GFP-SpoIVA in cells harboring spoVMWT ∆K (A and C, IT891) or spoVMI15A 
∆K (B and D, IT892) at t3.5 (A-B) or t5.5 (C-D) after induction of sporulation. (E-L) CmpA-GFP in 
cells harboring spoVMWT(E and I, IT897), spoVMI15A (F and J, IT896), spoVMWT ∆K (G and K, 
IT904) or spoVMI15A ∆K (H and L, IT903) at t3.5 (E-H) or t5.5 (I-L) after induction of sporulation. 
Arrows indicate a phase bright forespore.  
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increased CmpA-GFP levels saturating the forespore membrane forcing the overflow of CmpA-
GFP to localize to an alternative membrane, or if a -produced factor is required for persistent 
localization of CmpA at the forespore. In any case, the data suggest that K controls two parts of 
the pathway. First, in wild type cells that have successfully initiated spore envelope assembly, 

K is required for the degradation of CmpA so that the sporulation program may proceed. 
Second, in cells that are unable to successfully initiate spore envelope assembly, at least one 
additional factor produced under control of K is required for CmpA/ClpXP-mediated 
degradation of SpoIVA. 
 
CmpA is part of a quality control mechanism that maintains the integrity of a sporulating 
population   
The degradation of SpoIVA in cells unable to initiate proper spore envelope assembly (in 
the presence of spoVMI15A), followed by the ultimate lysis of those cells, led us to wonder if 
CmpA participates in a quality control mechanism that selectively removes cells harboring 
incorrectly assembled spore envelopes from the population.  To test this, we examined if 
deletion of cmpA would permit cells harboring other spore envelope initiation defects to proceed 
past this checkpoint. To this end, we first investigated the effect of cmpA deletion on a 
spoVMK2A mutant that behaves similarly to the spoVMI15A mutant in that it localizes properly (Fig. 
3.10), but produces heat-sensitive spores. Cells harboring spoVMK2A produced ~100-fold fewer 
heat resistant spores and ~150-fold fewer lysozyme resistant spores relative to wild type cells 
(Table 3.6, Strain T). Removal of the quality control mechanism by deletion of cmpA in cells 
harboring spoVMK2A allowed the production of more heat and lysozyme resistant spores (Table 
3.6, Strain U), indicating that the sporulation program continued despite the block normally  
Imposed by spoVMK2A, but resulted in a less robust production of spores compared to wild type.  
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Figure 3.10. SpoVMK2A-GFP localizes to the forespore. 
(A-C) Localization of SpoVM-GFP (A; CVO1195), SpoVMK2A-GFP (B; KRC1) and SpoVMP9A-




Table 3.6. Sporulation efficiencies of spoVM and spoIVA mutants with and without deletion of 
cmpA.  Standard deviation from mean is reported in parentheses (n=3). 
Straina Mutation cmpA 
Sporulation Efficiency 
Heat Resistance Lysozyme Resistance 
S WT - 1 1 
T spoVMK2A  0.01 (0.007) 0.007 (0.003) 
U spoVMK2A ∆ 0.25 (0.05) 0.47 (0.03) 
V spoVMI15A  5 x 10-6  (1.7 x 10-6) 1.8 x 10-6 (1.1 x 10-6) 
W spoVMI15A ∆ 0.16 (0.09) 0.05 (0.01) 
X spoIVAK30A  3.8 x 10-4 (1.7 x 10-4) 3 x 10-4 (3.2 x 10-4) 
Y spoIVAK30A ∆ 0.08 (0.01) 0.03 (0.02) 
Z spoIVAT70A-T71A  5.8 x 10-6 (3 x 10-6) 2 x 10-6 (1 x 10-6) 
AA spoIVAT70A-T71A ∆ 0.02 (0.01) 0.002 (7 x 10-4) 
BB ∆spoIVA  <10-8 <10-8 
CC ∆spoIVA ∆ <10-8 ND 
a Strain S: PY79; T: KRC102; U:IT102; V: KR322; W:SE181; X:KR367; Y:IT880; Z: JPC221; AA: 
IT882; BB: KP73; CC: IT895) Genotypes are listed in Table S7. ND, not determined. 
 
In addition, we examined if deletion of cmpA would allow cells producing polymerization-
defective variants of SpoIVA to complete the sporulation program despite their inability to 
properly form the spore envelope. Sporangia harboring SpoIVA variants that fail to polymerize, 
either due to an inability to bind (SpoIVAK30A) or hydrolyze (SpoIVAT70A-T71A) ATP, fail to recruit 
coat proteins to assemble a coat and produce 104-106-fold fewer heat resistant spores than wild 
type ((Castaing et al., 2013; Ramamurthi & Losick, 2008); Table S6, Strains X and Z).  
Surprisingly, deletion of cmpA suppressed this phenotype also, bringing the sporulation 
efficiency up to ~10-50-fold fewer than wild type (Table S6, Strains Y and AA). Interestingly, 
deletion of cmpA also suppressed the lysozyme sensitivity of these mutants, indicating that coat 
assembly was permitted to occur, albeit not to wild type levels (Table 3.6, Strains Y and AA). 
104 
 
Finally, deletion of cmpA did not suppress the sporulation defect of deleting spoIVA, indicating 
that it is unable to completely bypass the requirement for SpoIVA (Table 3.6, Strains BB and 
CC).  Important to note is that in all instances, while deletion of cmpA allowed the mutants to 
bypass this checkpoint and continue with sporulation, the result was production of spores that 
had lower sporulation efficiencies than wild type cells. Thus, CmpA appears to be part of a 
quality control checkpoint system that selectively removes unfit cells that assemble defective 





The use of checkpoints ensures that steps in a developmental program properly finish 
prior to progression into the next stage of the program (Hartwell & Weinert, 1989). Here, we 
discovered that, during sporulation in B. subtilis, the small protein CmpA participates with the 
ClpXP proteolytic machinery in a developmental checkpoint to monitor proper spore envelope 
assembly. We propose a model (Fig. 3.11) in which CmpA acts as an adaptor to ClpXP to 
mediate the degradation of the coat morphogenetic protein SpoIVA specifically in cells that 
improperly assemble the spore envelope. Degradation of SpoIVA, which acts as a static 
platform atop which other coat proteins are deposited (Roels et al., 1992), leads to 
destabilization of defective sporangia and ultimately results in their lysis, thereby releasing 
nutrients into the environment for others to utilize and removing the defective spores from the 
population. In cells that properly construct the spore envelope, we propose that degradation of 
CmpA is a switch that signals successful spore envelope assembly and prevents SpoIVA 
proteolysis, permitting these cells to continue through the sporulation program.  The model 
suggests that deleting cmpA, or disrupting the interactions between CmpA, ClpXP, and SpoIVA 
bypasses the checkpoint and permits mutant cells elaborating defective spore envelopes to 
continue through the sporulation program and persist in the population. As with other 
developmental programs there may be redundant pathways that help offset the deleterious 
effects of a single mutation. However, without selective pressure, mutations that lower 
sporulation efficiency readily accumulate and lead to deterioration of the program (Maughan, 
Masel, Birky, & Nicholson, 2007; Sastalla, Rosovitz, & Leppla, 2010). Since sporulation is a last-
resort stress pathway (Gonzalez-Pastor et al., 2003; Sonenshein, 2000) that provides a fitness 
advantage in fluctuating environments (Siebring et al., 2014), maintaining the fidelity of the 
program would be a key factor in the long-term survival of the population. 
Our model is consistent with several lines of genetic, biochemical, and cytological 
evidence. First, disruption of sporulation by overexpression of cmpA was suppressed by three  
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Figure 3.11. Model of the CmpA-mediated regulated cell death pathway. Depicted is a 
population of sporulating B. subtilis cells (center, top) in which a single cell has elaborated a 
defective spore envelope (highlighted in red) and, as a consequence, is removed from the 
population by cell lysis (center, bottom). Left: the CmpA pathway in a cell elaborating a defective 
spore envelope. CmpA persists in this cell and acts as an adaptor of ClpXP to mediate 
degradation of SpoIVA in a σK-dependent manner. Right: in cells that successfully initiate spore 
envelope assembly, CmpA is degraded upon activation of σK and, in the absence of SpoIVA 
degradation, the sporulation program proceeds. SpoIVA, green; SpoVM, red; CmpA, purple; 




different spontaneous loss-of-function mutations in clpX that changed residues in the N-
terminus of ClpX (a domain previously implicated in substrate and adaptor binding (Wojtyra et 
al., 2003)).  A fourth spontaneous mutation in clpP, that altered a residue near the hydrophobic 
binding pocket that mediates ClpP’s interaction with ClpX, also suppressed the sporulation 
defect caused by cmpA overexpression.  Deleting the N-terminus of ClpX, or targeted disruption 
of the ClpX IGF loop which mediates its interaction with ClpP, also suppressed the cmpA-
overexpression phenotype in vivo, indicating that the inability to degrade one or more factors 
bypassed the CmpA-mediated sporulation checkpoint. Involvement of SpoIVA as a putative 
target for degradation by ClpXP arose from two spontaneous mutations in adjacent codons of 
spoIVA. Both mutations altered residues near the interface between the Middle and C-terminal 
domain of SpoIVA (Castaing et al., 2014), suppressed the sporulation defect imposed by the 
spoVMI15A allele (which arrests sporulation in a CmpA-dependent manner (Ebmeier et al., 
2012)) and led to stabilization of SpoIVA.  
Biochemical support for the model came from co-purification experiments which 
demonstrated that CmpA, ClpX, and SpoIVA exist in a complex in extracts of sporulating B. 
subtilis cells. Consistent with our genetic data, amino acid substitutions in CmpA, ClpX, or 
SpoIVA that bypassed the CmpA checkpoint in vivo also failed to form a ternary complex of 
these proteins in vitro. Our analysis with these variants also demonstrated that CmpA and ClpX 
likely interact with each other via the N-terminus of ClpX, and that this interaction can occur in 
the absence of SpoIVA. However, the interaction between SpoIVA and ClpX absolutely required 
CmpA. Together, this behavior is consistent with an adaptor-like function for CmpA, similar to 
that which has been described for ClpXP adaptors in other systems (Battesti & Gottesman, 
2013).  
Finally, epifluorescence microscopy analysis of individual cells producing GFP-SpoIVA 
revealed that degradation of GFP-SpoIVA occurred specifically in cells that had progressed to 
the phase bright forespore state, which is the same stage in sporulation in which CmpA-GFP 
108 
 
abnormally persists in the spoVMI15A mutant (Ebmeier et al., 2012).  However, in mutant cells in 
which formation of the CmpA/ClpX/SpoIVA degradation complex was prevented, GFP-SpoIVA 
persisted and these cells were able to successfully complete the sporulation program to 
produce spores albeit at a lowered efficiency compared to wild type. The disappearance of 
CmpA-GFP in phase bright forespores in wild type cells (Ebmeier et al., 2012), suggests that 
regulation of the checkpoint may be controlled via degradation of CmpA. CmpA is therefore 
likely a late stage quality control mechanism that monitors the integrity of the developing spore 
to ensure the fitness of the spore population. In this pathway, we propose that spore envelope 
defects arising at a late stage (so-called “Stage IV-V”) result in lysis of the sporangium, and that 
this lysis is an active process that depends on SpoIVA degradation by CmpA and ClpXP. 
Consistent with this timing, we also report here that the switch that initiates this pathway resides 
under control of σK, the final compartment-specific sporulation sigma factor which is also 
required for activating cortex synthesis (Vasudevan et al., 2007). We found that not only is at 
least one factor produced by σK required to activate CmpA/ClpXP-mediated degradation of 
SpoIVA in unfit cells, but that σK is also required for degradation of CmpA in properly sporulating 
cells. We propose that the sporulating cell provides the window between σE and σK activation for 
the spore envelope to initiate assembly properly, and upon σK activation if the coat has properly 
assembled, the cell degrades CmpA and sporulation proceeds. However, if the spore envelope 
improperly assembles, CmpA persists and activation of SpoIVA degradation and cell lysis 
occurs instead. 
Recent reports of “programmed” or “regulated” cell death in bacterial cells have added to 
the changing view of bacterial communities as more than simply a collection of independently 
operating cells, and has given rise to the speculation that individual unicellular organisms may 
initiate cell death to benefit the population as a whole (Bos, Yakhnina, & Gitai, 2012; Dwyer, 
Camacho, Kohanski, Callura, & Collins, 2012; Erental, Sharon, & Engelberg-Kulka, 2012). 
Although specific mechanisms for cell death in these cases have been well characterized, the 
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exact benefit of such an act to a single-celled organism has been difficult to explicitly 
demonstrate. The use of the term “apoptosis” in these situations has therefore remained 
controversial (Galluzzi et al., 2012; Hacker, 2013). Unlike regulated cell death pathways 
described in actively dividing cells, the CmpA pathway occurs during a terminal differentiation 
program that results in the production of the spore, which is a specialized cell type that 
preserves the cell’s genetic material in a manner functionally similar to that of germ cells in 
multi-cellular organisms. The construction of a spore envelope that is robustly resistant to 
environmental insults is critical for the spore’s survival in harsh environmental conditions. As 
such, removal of cells harboring mutations that produce defective spore envelopes confers an 
obvious advantage to a population that needs to protect the integrity of the genome of its “germ 
line” and ensures the survival of future generations (Gartner, Boag, & Blackwell, 2008; P. 
Setlow, 2006). In the absence of CmpA, cells run the risk of producing defective spores that 
may not confer the resistance properties required to protect the cell’s genome.  
Why, then, is it more beneficial to completely remove defective spores from a population, 
rather than allowing a defective spore, which may confer some low level of protection, to 
persist? Populations of sporulating cells employ a bet-hedging strategy whereby a fraction of the 
population does not initiate sporulation in order to retain the ability to rapidly respond to a return 
to favorable growth conditions (Veening et al., 2008). During continued favorable growth 
conditions, the selective pressure to maintain sporulation can become relaxed, resulting in the 
enrichment of sporulation-defective cells (Maughan et al., 2007; Sastalla et al., 2010). In the 
absence of the CmpA pathway, cells harboring mutations that diminish spore envelope 
assembly can complete sporulation and persist in the population. When these mutant cells 
resume vegetative growth, and eventually re-sporulate, a population of them will likely employ 
the bet-hedging strategy and avoid initiating sporulation. In this scenario, this group of non-
sporulating cells has the capacity to quickly flourish, upon a sudden increase in nutrient 
availability, and out-compete the population of wild type cells that initiate sporulation. In this 
110 
 
manner, we propose that the CmpA pathway ensures that mutations that diminish the capacity 
to produce a functional spore do not become incorporated into the bacterium’s “germ line” and 
ensures that faulty spores, which may be prone to accumulate additional mutations leading to 
the deterioration of the sporulation program, are removed by lysis. 
In this report, we mimicked the occurrence of spore envelope assembly defects by 
introducing mutations that altered specific coat proteins. However, it is tempting to speculate 
that the CmpA pathway may serve a more general role in monitoring the integrity of coat 
basement layer assembly in completely wild type cells.  Unlike virus particles that display 
internal symmetry, endospore coats are more complex and are non-uniformly shaped, 
suggesting that heterogeneity in assembly is permitted (Chada et al., 2003; Plomp, Carroll, 
Setlow, & Malkin, 2014).  Given a less physically-constrained assembly process (compared to 
spontaneously self-assembling viral particles, for example), perhaps the CmpA pathway may 
also selectively discard sporangia that happen to mis-assemble the coat using wild type 
components, thereby ensuring the integrity of spore envelope assembly in every spore. In this 
aspect, the degradation of the structural protein SpoIVA, which encases the forespore, is 
reminiscent of the degradation of the nuclear lamins (the intermediate filaments that help form 
and maintain the integrity of the nuclear envelope) during apoptosis in metazoans. While 
degradation of lamins is a feature of apoptosis, the incorrect assembly of lamins to form the 
nuclear envelope can also induce apoptosis (Burke, 2001). Similarly, SpoIVA may not only be a 
target for degradation, but its incorrect assembly may potentially also induce CmpA-dependent 
cell lysis. Thus, the ability of morphogenetic proteins that serve to maintain the integrity of 
cellular envelopes to play these dual roles in regulated cell death appears to have arisen in 





Strains are otherwise isogenic derivatives of B. subtilis PY79 (Youngman et al., 1984). 
Construction of integration plasmids pSE18 and pSE24, for integration of IPTG-inducible cmpA 
(Phyperspank-cmpA) and cmpA-gfp (Phyperspank-cmpA-gfp), respectively, at amyE have been 
previously described (Ebmeier et al., 2012). To integrate Phyperspank-cmpA at the thrC locus, 
cmpA was subcloned from pSE18 into the integration vector pDP150 (Kearns et al., 2005) to 
create pIT43. To construct constitutively expressing cmpA (PsigA-cmpA), lacI expression in 
pSE18 and pIT43 was abolished by deleting the immediate upstream region and start codon of 
lacI in addition to introducing a stop codon using Quikchange site-directed mutagenesis (Agilent 
Technologies) to create pIT59 and pIT66. Phyperspank-cmpA-gfp was subcloned from pSE24 using 
EcoRI and BamHI into the integration vector pSac-cm (Middleton & Hofmeister, 2004) for 
integration at sacA to create pIT80. clpX at thrC was created by PCR-amplifying the clpX ORF, 
260 nucleotides upstream and 20 nucleotides downstream with primers ‘5'BsaI clpX’ 
(aaaaggtctcgaattcgcgcgaatcattcgtgcctt) and ‘3'BamHI clpX’ (cgacggatcctcaggaggtttgtgcttatctt). 
The PCR fragment was then cloned into the EcoRI and BamHI sites in the integration vector 
pDG1664 (Guerout-Fleury et al., 1996) to create pIT89. Phyperspank-clpX at thrC and Phyperspank-
clpX-His6 at amyE were constructed by PCR-amplifying the clpX ORF and introducing a 
ribosomal binding site (RBS) as well as the restriction sites NheI and SphI using primers ‘5' NheI 
RBS clpX’ (aaaagctagctaaggaggaatgagcctatgtttaaatttaacgagga) and ‘3' SphI clpX’ 
(aaaagcatgcctcctgagtgttaccac) or ‘3' SphI 6xHisclpX’ 
(aaaagcatgcttagtggtgatggtgatgatgtgcagatgttttatcttg) to add a His6 tag. The PCR fragments were 
then digested with NheI and SphI and clpX was cloned into pDP 150 to create pIT60 while clpX-
His6 was cloned into pDR111 to create pIT76. Phyperspank-clpX
∆1-53 at amyE was constructed by 
PCR-amplifying the clpX ORF starting at the nucleotides that encode for amino acid 54 and 
introducing a RBS, start codon and restriction sites NheI and SphI using the primers ‘5' NheI 
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RBS N-term t-clpX’ (aaaagctagctaaggaggaatgagcctatggaagaagtagaattt) and ‘3' SphI clpX’. The 
PCR fragment was digested with NheI and SphI and cloned into pDR111. 
All plasmids were integrated into the B. subtilis chromosome by double recombination at the 
specified ectopic locus. 
 
General methods 
Sporulation efficiency was measured by inducing sporulation in Difco sporulation medium 
(DSM) for at least 24 h at 37°C and subjecting spores to heat treatment (80°C for 20 min) or 
lysozyme treatment (250 µg ml-1 for 1 h at 37°C). Cultures were then serially diluted and colony-
forming units (cfu) that survived were determined and reported relative to the cfu obtained in a 
parallel culture of the wild-type PY79 strain.  
 
Microscopy 
Microscopy was performed as previously described (Eswaramoorthy et al., 2014). Cells were 
induced to sporulate by resuspension in SM medium (Sterlini & Mandelstam, 1969). When 
required, IPTG was added (1 mM final concentration) to induce expression wild type or variants 
of clpX or cmpA. At various time points 1 ml of culture was harvested and resuspended in 100 l 
PBS. 5 µl was spotted on a glass bottom culture dish (Mattek Corp.) and covered with a 1% 
agarose pad made with distilled water. Cells were viewed with a DeltaVision Core microscope 
system (Applied Precision) equipped with an environmental control chamber. Fluorescence was 
quantified using Softworx Suite 2.0 (Applied Precision/GE Healthcare). 
 
DPA and peptidoglycan harvesting 
DPA was harvested and measured as previously described (W. L. Nicholson & P. Setlow, 
1990). 5 ml of sporulating cell culture was harvested at each time point and the cell pellet was 
resuspended in 500 µl distilled water. Cells were boiled for 20 min to release DPA into the 
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water. The amount of DPA was determined by a colorimetric assay, in which changes in 
absorption at OD440 caused by complex formation between ferrous iron and DPA was measured 
(Janssen, Lund, & Anderson, 1958). Peptidoglycan was harvested and analyzed as previously 
described (Meador-Parton & Popham, 2000; Vasudevan et al., 2007). Briefly, 1ml of sporulating 
cell culture was pelleted, washed, acid hydrolyzed in 6N HCl and subjected to amino acid/sugar 
analysis.  
 
Isolation of spontaneous suppressors 
Spontaneous suppressor mutations were isolated as described previously (Ramamurthi et al., 
2006). Mutant strains were grown in 30 ml of DSM for at least 24 h at 37°C in order to sporulate 
and accumulate spontaneous mutations. The culture was then incubated at 80°C to kill cells 
which did not sporulated successfully. The 30 ml culture was re-inoculated into 300 ml of fresh 
DSM, allowed to germinate, grow and sporulate for at least 24 h at 37°C. The procedure was 
repeated with re-inoculation of 30 ml of heat-killed culture until an increase in sporulation 
efficiency was observed (usually three rounds). Candidate spontaneous suppressors were 
collected and characterized. Suppressor mutations were mapped by linkage analysis and whole 
genome sequencing. 
 
Co-purification and cell lysate harvesting 
Overnight cultures were grown in CH media and induced to sporulate in 20 ml resuspension 
medium. IPTG (1 mM final concentration) was added to induce expression of tagged or 
untagged versions of wild type and mutant CmpA and ClpX at approximately 2 h after 
resuspension. 20 ml of culture was then harvested approximately 2 h after IPTG induction. Cells 
were harvested and protoplasted as previously described (Ramamurthi & Losick, 2008) in 
protoplast buffer (0.5 M sucrose, 20 mM MgCl2, 10 mM potassium phosphate at pH 6.8, 0.1 mg 
ml-1 lysozyme) for 25 min at 37°C. Protoplasts were collected by centrifugation and 
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resuspended in 1 ml of ice cold 0.5X PD buffer (Y. I. Kim et al., 2001) without ATP regenerating 
system (hereafter referred to as 0.5X PD buffer). PMSF (1mM final concentration) was added to 
cell lysate and cell debris was removed by centrifugation. The supernatant was collected and 
incubated with Ni-NTA agarose beads (Qiagen) equilibrated in 0.5X PD buffer for 10 min at 4°C 
with inversion. Beads were washed with 0.5X PD buffer containing 20mM imidazole. Bound 
proteins were eluted with 250 µl of 0.5× PD buffer containing 250mM imidazole. Fractions were 
analyzed by immunoblotting using rabbit antisera raised against purified E. coli ClpX (gift from 
Sue Wickner), GFP, or SpoIVA. Cells were harvested and protoplasted as described above. 
Protoplasts were resuspended in 500 µl 5% tricholoroacetic acid (TCA) to lyse cells and 
precipitate proteins. After incubation on ice for 15 min, precipitate was collected by 
centrifugation and washed three times with 1 ml acetone. Precipitated pellet was air-dried 
overnight at room temperature, then resuspended in 300 µl 1× LDS NuPAGE Buffer (Invitrogen) 
and heated at 55°C for 10 min with shaking. Fractions were analyzed by immunoblotting using 
rabbit antisera raised against SpoIVA or σA. 
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Table 3.7. Strains used in this chapter. 
Strain Genotype Source 
PY79 Prototrophic derivative of B. subtilis 168 
Youngman et 
al., 1984 
IT478 amyE::PsigA-cmpA spec  
IT504 thrC::PsigA-cmpA erm  
IT517 ∆sleB::spec ∆cwlJ::tet  
IT575 ∆sleB::spec ∆cwlJ::tet thrC::PsigA-cmpA erm  
SE249 spoIVAE423G ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpA spec   
IT89 spoIVAL424F ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpA spec  
KR322 ∆spoVM::tet amyE::spoVMI15A cat Ebmeier et al., 
2012 
SE364 amyE::Phyperspank-cmpA-gfp spec  
IT86 ∆spoVM::tet amyE::Phyperspank-cmpA-gfp spec  
IT113 ∆spoVM::tet  ∆spoIVA::kan amyE::Phyperspank-cmpA-gfp spec  
IT114 ∆spoIVA::kan amyE::Phyperspank-cmpA-gfp spec  
IT525 amyE::PsigA-cmpA spec thrC::PsigA-cmpA erm clpX
D21Y  
IT367 amyE::PsigA-cmpA spec thrC::PsigA-cmpA erm clpX
I34M  
IT342 amyE::PsigA-cmpA spec thrC::PsigA-cmpA erm clpX
E44G  
IT531 amyE::PsigA-cmpA spec thrC::PsigA-cmpA erm clpP
D187N  
IT482 ∆clpX::kan  
IT483 ∆clpX::kan amyE::Phyperspank-cmpA spec  
IT479 thrC::Phyperspank-clpX erm  
IT545 amyE::Phyperspank-cmpA spec thrC::Phyperspank-clpX erm  
IT571 amyE::Phyperspank-clpX
∆1-53 spec thrC::Phyperspank-cmpA erm  
IT616 amyE::Phyperspank-cmpA spec thrC::Phyperspank-clpX
F270W erm  
SE178 ∆cmpA::erm  




P2A-gfp spec  
IT131 thrC::cmpAP2A spec  
IT139 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm thrC::cmpAP2Aspec  
IT138 ∆cmpA::erm thrC::cmpAP2A spec  
IT183 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAP2A spec  
CW6 amyE::Phyperspank-cmpA
N3A-gfp spec  
CW8 thrC::cmpAN3A spec   
CW13 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAN3A 
spec 
 
CW12 ∆cmpA::erm thrC::cmpAN3A spec  
CW14 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAN3A spec  
IT252 amyE::Phyperspank-cmpA
W4A-gfp spec  
IT132 thrC::cmpAW4A spec  
IT141 ∆spoVM::tet amyE::spoVMI15Acat ∆cmpA::erm thrC::cmpAW4A spec  
IT140 ∆cmpA::erm thrC::cmpAW4A spec  
IT184 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAW4A spec  
IT180 amyE::Phyperspank-cmpA
L5A-gfp spec  
IT153 thrC::cmpAL5A spec  
IT165 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm thrC::cmpAL5A spec  
IT160 ∆cmpA::erm thrC::cmpAL5A spec  
IT185 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAL5A spec  
CW7 amyE:: I15A-cmpAK6A-gfp spec  
CW9 thrC::cmpAK6A spec  
CW16 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm thrC::cmpAK6A spec  
CW15 ∆cmpA::erm thrC::cmpAK6A spec  
CW17 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAK6A spec  
CW21 amyE:: Phyperspank-cmpA
K7A-gfp spec  
CW23 thrC::cmpAK7A spec  




CW32 ∆cmpA::erm thrC::cmpAK7A spec  
CW33 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAK7A spec  
IT181 amyE::PI15A-cmpAQ8A-gfp spec  
IT123 thrC::cmpAQ8A spec  
CW139 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAQ8A 
spec 
 
CW140 ∆cmpA::erm thrC::cmpAQ8A spec  
CW141 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAQ8A spec  
CW20 amyE:: Phyperspank-cmpA
M9A-gfp spec  
CW22 thrC::cmpAM9A spec  
CW28 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAM9A 
spec 
 
CW29 ∆cmpA::erm thrC::cmpAM9A spec  
CW30 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAM9A spec  
CW24 amyE:: Phyperspank-cmpA
Q10A-gfp spec  
CW26 thrC::cmpAQ10A spec  
CW34 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAQ10A 
spec 
 
CW35 ∆cmpA::erm thrC::cmpAQ10A spec  
CW36 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAQ10A spec  
CW25 amyE:: Phyperspank-cmpA
K11A-gfp spec  
CW27 thrC::cmpAK11A spec  
CW37 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAK11A 
spec 
 
CW38 ∆cmpA::erm thrC::cmpAK11A spec  
CW39 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAK11A spec  
CW49 amyE:: Phyperspank-cmpA
F13A-gfp spec  
CW51 thrC::cmpAF13A spec  




CW54 ∆cmpA::erm thrC::cmpAF13A spec  
CW55 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAF13A spec  
CW50 amyE:: Phyperspank-cmpA
L14A-gfp spec  
CW52 thrC::cmpAL14A spec  
CW56 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAL14A 
spec 
 
CW57 ∆cmpA::erm thrC::cmpAL14A spec  
CW58 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAL14A spec  
CW112 amyE:: Phyperspank-cmpA
E15A-gfp spec  
CW158 thrC::cmpAE15A spec  
CW163 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAE15A 
spec 
 
CW164 ∆cmpA::erm thrC::cmpAE15A spec  
CW165 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAE15A spec  
CW110 amyE:: Phyperspank-cmpA
K16A-gfp spec  
CW121 thrC::cmpAK16A spec  
CW125 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAK16A 
spec 
 
CW126 ∆cmpA::erm thrC::cmpAK16A spec  
CW127 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAK16A spec  
CW99 amyE:: Phyperspank-cmpA
D17A-gfp spec  
CW101 thrC::cmpAD17A spec  
CW103 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAD17A 
spec 
 
CW104 ∆cmpA::erm  thrC::cmpAD17A spec  
CW105 ∆spoVM::tet amyE::spoVMI15A cat  thrC::cmpAD17A spec  
CW113 amyE:: Phyperspank-cmpA
N18A-gfp spec  
CW159.1 thrC::cmpAN18A spec  




CW167.1 ∆cmpA::erm thrc::cmpAN18A spec  
CW168.1 ∆spoVM::tet amyE::spoVMI15A cat  thrC::cmpAN18A spec  
CW123 amyE:: Phyperspank-cmpA
Y19A-gfp spec  
CW124 thrC::cmpAY19A spec  
CW131 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAY19A 
spec 
 
CW132 ∆cmpA::erm thrC::cmpAY19A spec  
CW133 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAY19A spec  
IT351 amyE:: Phyperspank-cmpA
Q20A-gfp spec  
IT133 thrC::cmpAQ20A spec  
CW142 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAQ20A 
spec 
 
CW143 ∆cmpA::erm thrC::cmpAQ20A spec  
CW144 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAQ20A spec  
IT195 amyE:: Phyperspank-cmpA
I21A-gfp spec  
IT154 thrC::cmpAI21A spec  
IT166 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm thrC::cmpAI21A spec  
IT161 ∆cmpA::erm thrC::cmpAI21A spec  
IT188 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAI21A spec  
CW154 amyE:: Phyperspank-cmpA
K22A-gfp spec  
IT155 thrC::cmpAK22A spec  
IT179 
∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm thrC::cmpAK22A 
spec 
 
IT162 ∆cmpA::erm thrC::cmpAK22A spec  
IT189 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAK22A spec  
IT221 amyE:: Phyperspank-cmpA
L23A-gfp spec  
IT156 thrC::cmpAL23A spec  
IT168 





IT163 ∆cmpA::erm thrC::cmpAL23A spec  
IT190 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAL23A spec  
CW155 amyE:: Phyperspank-cmpA
L24A-gfp spec  
IT134 thrC::cmpAL24A spec  
IT147 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm thrC::cmpAL24A spec  
IT146 ∆cmpA::erm thrC::cmpAL24A spec  
IT191 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAL24A spec  
CW134 amyE:: Phyperspank-cmpA
N25A-gfp spec  
IT157 thrC::cmpAN25A spec  
IT169 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm thrC::cmpAN25A 
spec 
 
IT164 ∆cmpA::erm thrC::cmpAN25A spec  
IT192 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAN25A spec  
CW111 amyE:: Phyperspank-cmpA
Q26A-gfp spec  
CW122 thrC::cmpAQ26A spec  
CW128 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAQ26A 
spec 
 
CW129 ∆cmpA::erm thrC::cmpAQ26A spec  
CW130 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAQ26A spec  
CW114 amyE:: Phyperspank-cmpA
C27A-gfp spec  
CW160 thrC::cmpAC27A spec  
CW169.1 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAC27A 
spec 
 
CW170 ∆cmpA::erm thrC::cmpAC27A spec  
CW171 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAC27A spec  
CW115 amyE:: Phyperspank-cmpA
W28A-gfp spec  
CW161 thrC::cmpAW28A spec  
CW172 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAW28A 
spec 
 
CW173 ∆cmpA::erm thrC::cmpAW28A spec  
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CW174 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAW28A spec  
CW157 amyE:: Phyperspank-cmpA
Y29A-gfp spec  
CW75 thrC::cmpAY29A spec  
CW79 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAY29A 
spec 
 
CW80 ∆cmpA::erm thrC::cmpAY29A spec  
CW81 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAY29A spec  
CW74 amyE:: Phyperspank-cmpA
F30A-gfp spec  
CW76 thrC::cmpAF30A spec  
CW82 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAF30A 
spec 
 
CW83 ∆cmpA::erm thrC::cmpAF30A spec  
CW84 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAF30A spec  
CW100 amyE:: Phyperspank-cmpA
Y31A-gfp spec  
CW102 thrC::cmpAY31A spec  
CW107 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAY31A 
spec 
 
CW108 ∆cmpA::erm  thrC::cmpAY31A spec  
CW109 ∆spoVM::tet amyE::spoVMI15A cat  thrC::cmpAY31A spec  
CW135 amyE:: Phyperspank-cmpA
R32A-gfp spec  
CW137 thrC::cmpAR32A spec  
CW145 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAR32A 
spec 
 
CW146 ∆cmpA::erm thrC::cmpAR32A spec  
CW147 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAR32A spec  
CW136 amyE:: Phyperspank-cmpA
K33A-gfp spec  
CW138 thrC::cmpAK33A spec  
CW148 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAK33A 
spec 
 
CW149 ∆cmpA::erm thrC::cmpAK33A spec  
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CW150 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAK33A spec  
CW116 amyE:: Phyperspank-cmpA
K34A-gfp spec  
CW117 thrC::cmpAK34A spec  
CW151 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAK34A 
spec 
 
CW152 ∆cmpA::erm thrC::cmpAK34A spec  
CW153 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAK34A spec  
CW118 amyE:: Phyperspank-cmpA
H35A-gfp spec  
CW162 thrC::cmpAH35A spec  
CW175 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAH35A 
spec 
 
CW176 ∆cmpA::erm thrC::cmpAH35A spec  
CW177 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAH35A spec  
CW119 amyE:: Phyperspank-cmpA
C36A-gfp spec  
CW180 thrC::cmpAC36A spec  
CW182 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAC36A 
spec 
 
CW183 ∆cmpA::erm thrc::cmpAC36A spec  
CW184 ∆spoVM::tet amyE::spoVMI15A cat thrc::cmpAC36A spec  
CW120 amyE:: Phyperspank-cmpA
S37A-gfp spec  
CW181 thrC::cmpAS37A spec  
CW185 ∆spoVM::tet amyE::spoVMI15A cat ∆cmpA::erm  thrC::cmpAS37A 
spec 
 
CW186 ∆cmpA::erm thrC::cmpAS37A spec  
CW187 ∆spoVM::tet amyE::spoVMI15A cat thrC::cmpAS37A spec  
IT735 amyE::Phyperspank-clpX






























KP73 ∆spoIVA::kan  
KR103 ∆spoVM::tet amyE::spoVMWT cat   
KR165 ∆spoVM::tet amyE::spoVMWt cat thrC::gfp-spoIVA spec  
KRC77 ∆spoVM::tet amyE::spoVMI15A cat thrC::gfp-spoIVA spec  
IT839 ∆spoVM::tet amyE::spoVMI15A cat thrC::gfp-spoIVA spec 
∆cmpA::erm 
 
IT852 ∆spoVM::tet amyE::spoVMspoVMI15A cat thrC::gfp-spoIVAL424F 
spec 
 
IT869 ∆spoVM::tet amyE::spoVMWT cat thrC:: gfp -spoIVAL424F spec 
∆yphF::erm spoIVAL424F 
 
IT870 ∆spoVM::tet amyE::spoVMI15A cat thrC:: gfp -spoIVAL424F spec 
∆yphF::erm spoIVAL424F 
 
IT883 ∆spoVM::tet amyE:: spoVMI15A cat thrC::gfp-spoIVA spec clpXE44G  
IT884 ∆spoVM::tet amyE:: spoVMI15A cat thrC::gfp-spoIVA spec  clpXI34M  
SE191 amyE::Phyperspank-cmpA spec  
IT481 amyE::Phyperspank-cmpA spec thrC::Phyperspank-clpX erm  
CVO1195 amyE:: spoVM-gfp cat  
KRC1 amyE::spoVM(K2A)-gfp cat  




C.A.W characterized the majority of CmpA point mutants. D.L.P. analyzed harvested 







Additional factors contributing to the 





The linked assembly of the coat and cortex during sporulation was first observed when 
researchers observed that the deletion of genes encoding the coat proteins SpoVM and SpoIVA 
also prevented cortex assembly (Roels et al., 1992; Levin et al, 1993). Since then, the major 
components involved in the assembly of each individual structure have been identified, but other 
than SpoVM and SpoIVA, the factors coordinating the linked assembly of coat and cortex have 
largely remained elusive. Despite the identification of the CmpA-dependent cell death pathway, 
the precise roles of SpoVM and SpoIVA in cortex assembly are still unknown. To further 
understand the complex interactions that coordinate coat and cortex assembly we selected for 
additional suppressors of cortex-deficient mutants. 
RESULTS 
SpoVMG13V, I15A 
From a selection using the spoVMI15A mutant we isolated an intragenic suppressor which 
changed the glycine at residue 13 of SpoVM to valine and brought the sporulation efficiency up 
to 0.2 relative to wild type (Table 4.1, Strain C). While wild type cells normally degrade CmpA-
GFP in cells that have reached the phase bright forespore state, spoVMI15A cells are unable to 
degrade CmpA-GFP in phase bright forespores. Our model suggests that the inability of SpoVM 
to signal proper coat assembly in the spoVMI15A mutant is the reason for CmpA-GFP 
persistence and led us to wonder whether the intragenic suppressor was able to restore CmpA-
GFP degradation. When we monitored CmpA-GFP localization and persistence in the 
spoVMG13V,I15A suppressor mutant we found that CmpA-GFP localized similarly to wild type at an 
early time point (Fig. 4.1C) and CmpA-GFP degradation was also restored similarly to wild type 
in phase bright forespores (Fig. 4.1F). The data therefore suggested that SpoVM may be 
undergoing a structural change to signal proper coat assembly and that this structural change 
facilitates degradation of CmpA-GFP upon reaching the phase bright state. 
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Figure 4.1. CmpA-GFP degradation in phase bright forespores is restored by the 
spoVMG13V, I15A suppressor. Localization and persistence of CmpA-GFP in wild type (A,D), 
spoVMI15A (B, E) or spoVMG13V,I15A cells at t3.5 (A-C) or t5.5 (D-F) after induction of sporulation. 




Table 4.1. Sporulation efficiencies of additional spoVMI15A suppressors. Standard deviation from 
mean is reported in parentheses (n=3). 
Straina spoVM Suppressor Sporulation Efficiency 
A WT - 1 
B spoVMI15A - 1 x 10-6  (2 x 10-7) 
C spoVMI15A spoVM G13V, I15A 0.2 (0.08) 
D spoVMI15A ymfH 0.01 (1 x 10
-3) 
E spoVMI15A spoVID1-545 0.08 (0.01) 
a Strain A: PY79; B: KR322; C: IT2; D: SE282; E: IT899. Genotypes are listed in Table 4.5.  
 
YmfH 
We also isolated an extragenic suppressor of the spoVMI15A mutant and mapped it to the 
ymfH gene, which encodes a putative processing protease of unknown function. The original 
suppressor was a single nucleotide change which resulted in a C-terminal truncation of YmfH, 
and brought the sporulation efficiency from 1 x 10-6 to 0.01 relative to wild type (Table 4.1, Strain 
B and D). To determine whether the suppressor was causing a loss-of-function in YmfH we 
deleted the ymfH gene and tested whether it was also able to suppress the spoVMI15A 
sporulation defect. Similar to the C-terminal truncation in YmfH the complete removal of YmfH 
also suppressed spoVMI15A (Table 4.2, Strain H) indicating that the original suppressor was 
causing a loss of function.  
Next, we wondered if the putative protease activity of YmfH was important for 
suppression. To test this, we constructed an ymfHE71AH72A putative active site mutant and found 
that loss of putative protease activity was sufficient for suppression of the sporulation defect 
imposed by the spoVMI15A mutant (Table 4.2; Strain J). Therefore, it appears that YmfH’s 
putative proteolytic activity plays a role in helping to orchestrate coat and cortex assembly, 




Table 4.2. Sporulation efficiencies of strains harboring spoVMI15A with variations of ymfH. 
Standard deviation from mean is reported in parentheses (n=3). 
Straina spoVM ymfH Sporulation Efficiency 
F WT WT 1 
G WT  1 (0.076) 
H spoVMI15A  0.01 (5 x 10
-3) 
I spoVMI15A WT 1.8 X 10-4 (7 X 10-5) 
J spoVMI15A ymfHE71AH72A 0.15 (0.09) 
a Strain F: PY79; G: IT77; H: IT87; I: IT397; J: IT410. Genotypes are listed in Table 4.5.  
 
SpoVID and YsxE 
 SpoVID is a coat protein that interacts with SpoIVA (Mullerova, Krajcikova, & Barak, 
2009) and has been reported to be required for the encasement step of coat assembly (Wang et 
al., 2009). The deletion of spoVID was reported to have no effect on cortex assembly via 
examination by electron microscopy (Beall et al., 1993), however we found  that deleting spoVID 
decreased heat resistance to 0.07 relative to wild type (Table 4.3, Strain M) suggesting there 
may be slight defects in cortex assembly. Our lab isolated a spoVID mutant that caused a C-
terminal truncation causing only the first 545 amino acids to be translated that suppressed the 
sensor T spoIVAT70-71A mutant. Since deletion of cmpA also suppressed the spoIVAT70-71A mutant 
(Table 3.6, Strain AA), we wondered whether the truncation in SpoVID was acting similarly to a 
deletion of cmpA. To test this, we determined if the truncated SpoVID mutant was able to 
suppress the cortex-deficient spoVMI15A mutant by measuring the sporulation efficiency and 
found that the spoVID1-545 was able to suppress the spoVMI15A mutation (Table 4.1, Strain E). 
The truncation in SpoVID appears to be a loss of function since deletion of spoVID was also 
able to suppress the spoVMI15A mutant (Table 4.3, Strain N). As a result, we concluded that 
SpoVID may indeed be playing a similar roll to CmpA in inhibiting cortex assembly and 
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wondered whether suppression of spoVMi15A was through stabilization of SpoIVA. Thus, we 
used fluorescence microscopy to observe the localization and persistence of GFP-SpoIVA in 
wild type and spoVMI15A cells with or without the deletion of spoVID (Fig. 4.2). We found that 
similarly to the deletion of cmpA (Fig. 3.7H), deletion of spoVID in spoVMI15A cells restored 
stability of GFP-SpoIVA in phase bright forespores (Fig. 4.2J). Interestingly, the deletion of 
spoVID caused GFP-SpoIVA localization to be less homogenously distributed around the 
forespore in both wild type (Fig.4.2C and I) and spoVMI15A cells (Fig.4.2D and J), however, 
these results differ from the reported localization defects that were seen when looking at 
SpoIVA-GFP in the absence of spoVID where they saw a single cap on the mother cell side of 
the forespore (Wang et al., 2009). 
 
Table 4.3. Sporulation efficiencies of strains harboring spoVMI15A with or without deletion of 
spoVID. Standard deviation from mean is reported in parentheses (n=3). 
Straina spoVM spoVID Sporulation Efficiency 
K WT WT 1 
L spoVMI15A WT 1.8 x 10-5 (8 x 10-6) 
M WT   0.07 (0.02) 
N spoVMI15A  0.01 
a Strain K: PY79; L: IT854; M: AD394; N: IT885. Genotypes are listed in Table 4.5.  
 
 SpoVID exists in an operon with ysxE, which is a gene of unknown function that 
localizes to the inner spore coat (McKenney & Eichenberger, 2012). Bioinformatics analysis 
suggests that YsxE is an aminoglycoside kinase that may be responsible for phosphorylating a 
sugar. We wondered whether YsxE affects SpoVID’s activity or role in SpoIVA degradation and 
observed the effect of deleting ysxE on GFP-SpoIVA stability. We found that similar to deletion 
of cmpA and spoVID, deletion of ysxE also prevented degradation of GFP-SpoIVA in phase 
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bright forespores of spoVMI15A cells (Fig.4.2L). However, the mechanisms through which YsxE 




 Since the co-overexpression of cmpA and clpX caused a more drastic decrease in 
sporulation efficiency, which would allow for more stringent selection we decided to use this 
strain for selection of spontaneous suppressors. From this selection we identified a suppressor 
in the clpY gene (also called codX), which similarly to clpX encodes the ATPase subunit of the 
ClpYQ (also called CodXW) protease. ClpYQ in B. subtilis shares 52% amino acid identity with 
the E.coli HslUV protease and has been reported to act as an N-terminal serine protease (Kang 
et al., 2001). The suppressor was a change in the leucine at residue 210 to a glutamine. Based 
on molecular modeling the suppressor mutation appears to lie in the I domain of ClpY which is 
responsible for interacting with substrates (Krishnamoorthy et al., 2008). We then wondered 
whether clpY or clpQ were necessary for sporulation and found that deletion of clpY or clpQ had 
near wild type levels of sporulation efficiency (Table 4.4, Strains Q and R) indicating they are 
not required for sporulation. While the clpYL210Q suppressor was identified as a suppressor of the 
cmpA and clpX overexpressing strain, we wanted to check if it also suppressed the cmpA 
overexpressing strain and found that it did (Table 4.4, Strain T). To determine whether the 
suppression was due to a loss in function of ClpYQ we individually deleted clpY and clpQ in the 
cmpA overexpressing strain and found that both had no effect on the cmpA overexpressing 
sporulation defect (Table 4.4, Strains U and V) suggesting the suppressor may not be a loss in 
function, but rather a change or gain in function. 
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Table 4.4. Sporulation efficiencies of clpY and clpQ mutants with or without cmpA 
overexpression. Standard deviation from mean is reported in parentheses (n=3). “++” indicates 
overexpression. 
Straina cmpA clpY clpQ Sporulation Efficiency 
P WT - - 1 
Q WT  - 0.35 
R WT -  0.97 
S ++ - - 0.005 (0.01) 
T ++ clpYL210Q - 0.22 (0.15) 
U ++  - 0.002 (0.05) 
V ++ -  0.009 (0.003) 
a Strain P: PY79; Q: IT654; R: IT653; S: IT478; T: CSS7; U: IT662; V: IT660. Genotypes are 
listed in Table 4.5.  
 
CONCLUSION 
While the exact roles of YmfH, SpoVID and YsxE in spore envelope assembly remain 
unclear, we have established that their loss-of-function leads to suppression of the spoVMI15A 
sporulation defect, which indicates they normally have inhibitory roles on sporulation. In this 
fashion, they behave similarly to CmpA, and could be acting in the CmpA-dependent regulated 
cell death pathway to assist in the degradation of SpoIVA. This possibility seems to be likely in 
the case of SpoVID and YsxE since their deletions lead to SpoIVA stability. However, the effect 
of YmfH deletion on SpoIVA is currently unknown and it could be participating in a parallel 
pathway. Since proteolytic activity of YmfH is important for its inhibitory function, identifying its 
substrate(s) could help us understand its mechanism of action. 
The mutation in ClpY does not appear to be a complete loss-of-function, but may be a 
change or gain-of-function. However, similar to YmfH, the substrate(s) of ClpY are unknown and 
its specific role in spore envelope assembly pathway remains a mystery. Since a change of 
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function in the ClpY suppressor mutant is possible, it is not entirely clear whether ClpY even 
acts in this pathway ordinarily.  Both YmfH and ClpY do not have clear sporulation promoters 
and when deleted have no sporulation defect suggesting that they may not be sporulation-
specific proteins. However, they may be playing analogous roles to other sporulation-specific 
proteins and the charcteriziation of the suppressor mutants further may still give us insight into 
the spore envelope assembly pathway. 
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Table 4.5. Strains used in this chapter. 
Strain Genotype Source 
PY79 Prototrophic derivative of B. subtilis 168 
Youngman et 
al., 1984 
IT478 amyE::PsigA-cmpA spec  
KR322 ∆spoVM::tet amyE::spoVMI15A cat Ebmeier et al., 
2012 
IT2 ∆spoVM::tet amyE::spoVMG13V,I15A cat  
SE282 ∆spoVM::tet amyE::spoVMI15A cat thrc::cmpA spec ymfH  
IT77 ∆ymfH::kan  
IT87 ∆spoVM::tet amyE::spoVMI15A cat ∆ymfH::kan  





E71AH72A spec thrC::spoVMI15A 
erm ∆ymfH::kan 
 
IT654 ∆clpY::erm  
IT653 ∆clpQ::erm  
CSS7 amyE::Phyperspank-cmpA spec thrC::Phyperspank-clpX erm clpY
L210Q  
IT662 ∆clpY::erm amyE::PsigA-cmpA spec  
IT660 ∆clpQ::erm amyE::PsigA-cmpA spec  
SE381 ∆spoVM::tet amyE::Phyperspank-cmpA-gfp spec thrC::spoVM
WT erm Ebmeier et al., 
2012 
SE380 ∆spoVM::tet amyE::Phyperspank-cmpA-gfp spec thrC::spoVM
I15A erm Ebmeier et al., 
2012 
IT854 ∆spoVM::tet thrC::spoVMI15A spec  












IT885 ∆spoVM::tet amyE::spoVMI15A cat ∆spoVID::kan  
KR165 ∆spoVM::tetR amyE::spoVMWT cat thrC::gfp-spoIVA spec  
KRC77 ∆spoVM::tet amyE::spoVMI15A cat thrC::gfp-spoIVA spec  
IT887 ∆spoVM::tet amyE::spoVMWTcat thrC::gfp-spoIVA spec 
∆spoVID::kan 
 
IT888 ∆spoVM::tet amyE::spoVMI15A cat thrC::gfp-spoIVA spec 
∆spoVID::kan 
 
IT932 ∆spoVM::tetR amyE::spoVMWT cat thrC::gfp-spoIVA spec 
∆ysxE::erm 
 
IT937 ∆spoVM::tet amyE::spoVMI15 cat thrC::gfp-spoIVA spec 
∆ysxE::erm 
 
IT254 ∆spoVM::tet amyE::VMG13V,I15A cat thrC::Phyperspank-cmpA-gfp erm  
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Figure 4.2. Degradation of GFP-SpoIVA in spoVM15A cells is inhibited by the deletion of 
spoVID and ysxE. Localization and persistence of GFP-SpoIVA at t3.5 (A-F) or t5.5 (G-L) after 
induction of sporulation in spoVMWT (A, C, E, G, I, K) or spoVMI15A (B, D, F, H, J, L) cells with a 
deletion of spoVID (C, D, I, J), a deletion of ysxE (E, F, K, L) or no deletion (A, B, G, H). Arrows 









At the onset of our research, little was known about the unique roles that SpoVM and 
SpoIVA play in orchestrating the coordinated assembly of the coat and cortex. Thus our goal 
was to further elucidate the mechanisms through which SpoVM and SpoIVA coordinate the 
assemblies of these two spatially separated macromolecular structures.  Our initial approach 
was to utilize a spoVMI15A mutant that was defective in cortex, but not coat assembly to 
specifically investigate the role that SpoVM plays in cortex assembly. Through the selection of 
spontaneous suppressors that restored heat resistance and cortex assembly we identified a 
previously un-annotated small gene, which we named cortex morphogenetic protein A (cmpA). 
We found that cmpA encoded a small protein of only 37-amino acids with no conserved motifs 
to give us insight into its biological function. In characterizing cmpA, we found that it was 
expressed during sporulation under the mother cell-specific transcription factors σE and SpoIIID.  
When we tagged CmpA with GFP we saw that it localized to the forespore surface as would be 
expected from a protein involved in coordinating coat and cortex assembly. Overexpression of 
cmpA caused defects in sporulation and deletion of cmpA restored cortex formation in the 
spoVMI15A mutant indicating CmpA was playing an inhibitory role during sporulation. 
Together our data suggested a model where CmpA participates in a quality control 
pathway for spore envelope assembly. We proposed that SpoVM and SpoIVA localize to the 
outer forespore membrane during engulfment and once they properly initiate spore envelope 
assembly a signal is sent to degrade CmpA. However, the basis of this signal and what is 
responsible for degrading CmpA remain a mystery. We hypothesize that the signal to degrade 
CmpA may be a structural change in SpoVM and SpoIVA and that this structural change is 
unable to occur in cortex-deficient SpoVM and SpoIVA mutants. The isolation of the 
spoVMG13V,I15A intragenic suppressor that restored CmpA degradation in the spoVMI15A mutant is 
consistent with the idea that the structure of SpoVM is important for signaling, however the 
mechanism through which this structural change may be conveying a signal is still unknown. 
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In instances when initiation of spore envelope assembly is unable to occur properly, 
CmpA is unable to be degraded and we propose it acts as switch to activate a regulated cell 
death pathway. In this pathway, CmpA acts as an adaptor to deliver SpoIVA to ClpXP for 
degradation. CmpA interaction with ClpX is independent of SpoIVA while SpoIVA interaction 
with ClpX is dependent on CmpA consistent with an adaptor function. Suppressor mutations 
affecting assembly of the CmpA-ClpX-SpoIVA complex all restored stability of SpoIVA and 
restored sporulation efficiency indicating that the degradation of SpoIVA via complex formation 
is normally responsible for the defect in sporulation. While both CmpA and ClpXP are necessary 
for the degradation of SpoIVA, we found that they are not sufficient. Interestingly, we noted that 
SpoIVA was degraded only in cells that had reached the phase bright forespore state, which is 
indicative of forespore dehydration. This is the same stage at which CmpA abnormally persists 
in the cortex-deficient spoVMI15A mutant and suggested that the transition to the phase bright 
state was required for activation of CmpA-dependent degradation of SpoIVA. We then found 
that activation of the late-acting mother cell-specific sigma factor, K, prevented degradation of 
SpoIVA indicating that unknown factor(s) under the K regulon are required for degradation of 
SpoIVA. Additionally, prevention of K activation also prevented degradation of CmpA in wild 
type cells suggesting that unknown factor(s) under K are also required for degradation of 
CmpA during proper spore envelope assembly. Thus, we propose that the activation of K is the 
point at which the cell evaluates the assembly state of the spore envelope to determine whether 
CmpA should be degraded or whether it should persist and activate degradation of SpoIVA. We 
also found that spoVID and ysxE, which reside in an operon together, are required for SpoIVA 
degradation. SpoVID has been reported to interact with SpoIVA (Mullerova et al., 2009) and is 
important for the encasement step of coat assembly (Wang et al., 2009). The function of YsxE is 
unknown, but bioinformatics analysis suggests it may be a kinase. Since SpoVID interacts with 
SpoIVA we wondered whether it was required for assembly of the CmpA-ClpX-SpoIVA complex, 
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but found that deleting spoVID had no effect on complex formation. In conclusion, in addition to 
CmpA and ClpX, unknown factor(s) under K control as well as spoVID and ysxE are required 
for degradation of SpoIVA. There may be additional undiscovered factors that are also 
necessary for degradation of SpoIVA.  
SpoIVA is a morphogenetic protein that uses ATP hydrolysis to polymerize into static 
filaments that serve as a basement layer atop which other coat proteins are deposited. While 
ordinarily the peptidoglycan of cell walls acts to maintain a cell’s size and shape, in the absence 
of a properly assembled cortex, SpoIVA may help to maintain the forespore’s stability. We found 
that in instances when SpoIVA was degraded, the cells eventually underwent cell lysis and we 
propose that this is a mechanism through which cells defective in spore envelope assembly are 
selectively removed from the population.  
In the absence of cmpA cells with mutations in spoVM and spoIVA are able to complete 
the sporulation program at a higher frequency, but the end result was the maintenance of cells 
that lack a robust ability to sporulate properly in the population. In nutrient rich conditions that do 
not require sporulation, the rapid accumulation of mutations in sporulating genes can occur and 
lead to loss of the ability to sporulate. However, sporulation is a last resort survival mechanism 
that allows B. subtilis to survive harsh environmental conditions. Therefore, maintaining the 
fidelity of the sporulation program is essential for the B. subtilis’ long-term survival in fluctuating 
environments. While natural selection may help select for B. subtilis that are able to maintain 
robust sporulation programs, we believe a more active selection is necessary since non-
sporulating subpopulations that have accumulated mutations in sporulation genes can easily 
take over the population. 
In the environment, populations of bacteria capable of sporulation utilize a bet-hedging 
strategy wherein only a subpopulation of the cells undergoes sporulation. Therefore, any 
subpopulation that is unable to sporulate can continue to grow vegetatively as long as it is able 
to survive. In this fashion, these non-sporulating mutants may easily outgrow cells that are able 
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to sporulate if there is no environmental pressure present at any given time. Thus, we propose 
active selection for cells that have a robust sporulation program that is able to properly 
assemble the spore envelope is necessary for the long-term maintenance of the sporulation 
program in the bacterial species. 
Despite the discovery of the CmpA-dependent regulated cell death pathway that ensures 
proper spore envelope assembly during sporulation, there are still many parts of the pathway 
that remain a mystery. Whether the mechanism that signals proper coat assembly is really a 
structural change is unclear. How proper coat assembly transmits a signal to degrade CmpA 
and the identity of the protease responsible for degrading CmpA also remain a mystery. While 
we have identified factors that are required for SpoIVA degradation, we have not yet found all 
factors sufficient for degradation. Additionally, the roles that the additional spoVMI15A 
suppressors play in spore envelope assembly are unclear. Perhaps SpoVM and SpoIVA play 
additional roles in cortex assembly that have yet to be identified.  
Nonetheless, we have identified a novel pathway that we believe supports the concept of 
altruistic cell death in single-celled organisms. Additionally, it has revealed that small proteins, 
which have been conspicuously overlooked in the past, can play fundamental roles during 
developmental processes. Both SpoVM and CmpA are sproteins of less than 50 amino acids 
that are key players in the CmpA-dependent regulated cell death pathway. To our knowledge, 
CmpA is the smallest protease adaptor identified suggesting that there may be other important 
sprotein adaptors that have yet to be discovered. In developing novel antibiotics, one might 
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